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How speciation, range shifting and reticulation through climatic oscillations com-
bine to shape current patterns of local and regional diversity remains a key question 
in evolutionary biology. This can be investigated by using multi-scale analyses of 
closely related species assemblages in diverse communities, such as the lizards of 
Australia’s tropical savannas. An example of these is the understudied group of rain-
bow skinks (Carlia) that are broadly co-distributed across the Australian Monsoonal 
Tropics (AMT) region, and that stands out from most well-studied Carlia species oc-
curring along the Australian east coast.  
The aims of this thesis were to: i) identify lineage diversity between two sympatric 
and closely related skinks and to use an integrative taxonomic approach to statisti-
cally test major lineages as species; ii) compare past responses of species with dif-
ferent climatic niche breadth that experienced the same climatic fluctuations; iii) infer 
the phylogenetic relationships of the rainbow skinks in a collaborative study; and iv) 
explore the occurrence of introgression in a group of six species that broadly co-
occur in the AMT, using a dataset by target exon capture (>1000 loci).  
The investigation of lineage diversity discovered cryptic lineages mostly in the 
Kimberley region (north west of Australia). In an integrative taxonomic approach, 
these lineages were then statistically validated as new species using multispecies co-
alescent methods and morphological analyses, and subsequently described as C. in-
sularis sp. nov and C. isostriacantha sp. nov. with genetic and morphological charac-
ters. The exploration of how concordant were the species responses with late Pleis-
tocene climatic changes, identified contrasting responses by species with different 
climatic niches, suggesting that the narrow climatic specialist species was more sen-
sitive to these changes. 
In addition, using multiple phylogenomic approaches, it contributed to a much 
improved and well-supported phylogeny for the rainbow skinks in comparison with 
a previous, poorly resolved tree. The new tree showed that the six Carlia species that 
co-occur in the AMT are actually closely related.  
Lastly, the analysis for the presence of introgression between the AMT sympatric 
species did not detect evidence of recent admixture, but identified patterns of an-
cestral introgression before the divergence of sister species, and some instances of 
introgression in the more climatic unstable Kimberley region. It also showed that by 
accounting for reticulated evolution with phylogenetic networks methods, a distinct 
topology from the overall well supported species tree can be observed, in this case 




The results of this thesis have implications for the understanding of the processes 
driving cryptic species diversity and responses to past climatic change across this rich 
and understudied Australian Monsoonal Tropics biome.   
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A Biologia Evolutiva tem vindo a contribuir significativamente para o conheci-
mento dos efeitos das oscilações climáticas passadas e presentes na formação dos 
atuais padrões de diversidade regional e local, em particular nos processos de espe-
ciação e reticulação, bem como na alteração da distribuição de espécies. Esta ques-
tão pode ser investigada através de análises a várias escalas espaciais e temporais, 
tais como num conjunto de espécies relacionadas e provenientes de comunidades 
diversas, como é o caso dos lagartos que ocorrem nas savanas tropicais do norte da 
Austrália. O presente estudo aborda um grupo de espécies de lagartos pouco estu-
dados, os escincídeos do género Carlia que se encontram co-distribuídos na região 
das monções tropicais da Austrália (“Australian monsoonal tropics”, AMT). As espé-
cies desta região distinguem-se de outros escincídeos Carlia que ocorrem ao longo 
da costa leste do continente e que têm sido alvo de vários estudos. 
Os objetivos desta tese foram: i) identificar linhagens entre duas espécies sim-
pátricas e próximas de escincídeos e usar uma abordagem de taxonomia integrativa 
para testar estatisticamente as linhagens principais como espécies separadas; ii) 
comparar respostas a flutuações climáticas no passado de espécies com diferentes 
nichos climáticos; iii) num estudo colaborativo, inferir relações filogenéticas dos es-
cincídeos arco-íris; e iv) explorar a ocorrência de introgressão num grupo de seis 
espécies que coexistem na região AMT, usando loci obtidos por sequenciação de 
exões obtidos pelo método de captura direcionada. 
É expectável que espécies endémicas de regiões tropicais sejam vulneráveis 
a alterações climáticas no futuro, em parte devido aos seus nichos climáticos mais 
restritos. Do mesmo modo, é também provável que estas espécies exibam padrões 
filogeográficos acentuados resultantes da sua resposta a alterações climáticas no 
passado. Para testar a hipótese de que espécies especialistas tropicais são mais sen-
síveis a alterações climáticas do que espécies generalistas em termos climáticos, fo-
ram gerados e analisados dados baseados no ADN mitocondrial e em mais de 2000 
loci resultantes da sequenciação de exões obtidos pelo método de captura direcio-
nada, com o objetivo de comparar padrões de persistência histórica e de flutuações 
populacionais em duas espécies próximas de Carlia:  C. johnstonei (especialista tro-
pical) e C. triacantha (generalista climática). De acordo com a generalidade dos tra-
balhos existentes, previa-se que a espécie especialista tropical apresentasse mais 
estrutura e flutuações demográficas mais pronunciadas do que a espécie generalista 
climática, que por sua vez deverá ter tido populações mais estáveis durante períodos 





populações de ilhas da região de Kimberley, no Noroeste da Austrália, são forte-
mente divergentes das populações continentais e de outras ilhas próximas. Em C. 
triacantha, um dos clados principais ocorre desde os desertos no centro da Austrália 
até à região mais mésica (habitat com humidade moderada) do Top End (norte cen-
tral da Austrália) e um outro clado ocorre principalmente em Kimberley, mas também 
em outras localidades do centro da Austrália. Na região de Kimberley, onde a distri-
buição destas linhagens se sobrepõe, os dados genéticos sugerem a existência de 
estrutura filogeográfica e expansão demográfica mais forte para a espécie especia-
lista tropical em comparação com a espécie mais generalista. Estes resultados são 
consistentes com a hipótese de que especialistas tropicais terão sido mais sensíveis 
a alterações climáticas do passado.  
Embora os métodos genéticos para delimitação de espécies tenham vindo a 
ser visivelmente melhorados durante a última década, esta área continua em desen-
volvimento e expansão. Idealmente, abordagens com dados genéticos e baseadas 
em modelação devem ser consideradas juntamente com outras evidências, tais como 
morfológicas e geográficas, numa abordagem de taxonomia integrativa. Fortes di-
vergências filogeográficas têm sido descritas para várias espécies de lagartos do gé-
nero Carlia, mas os estudos anteriores focaram-se apenas em algumas linhagens da 
costa leste da Austrália. No presente estudo, para além de terem sido descobertas 
diferentes linhagens filogeográficas em diferentes espécies do noroeste da Austrália, 
foi possível apresentar uma validação estatística destas linhagens. Foi também intro-
duzida uma nova abordagem, baseada num método recentemente disponível no 
software “StarBEAST2”, que assenta no modelo “Coalescente multiespécies” (CMS) 
e usa múltiplos loci e fatores Bayes (BFD) para explorar o suporte de hipóteses alter-
nativas de delimitações de espécies. Este método foi aplicado juntamente com ou-
tros dois métodos (BFD* SNAPP e BPP) baseados no mesmo modelo, usando os 
mesmos dados de sequenciação de exões. Foram também utilizadas 11 medidas 
morfológicas numa abordagem integrativa para avaliar evidência estatística da dife-
renciação morfológica das duas linhagens candidatas a espécies. Os resultados dos 
três métodos baseados na coalescência e na morfologia suportaram a diferenciação 
de nível específico das quatro linhagens, duas em cada uma das espécies originais. 
A abordagem introduzida neste estudo (BFD StarBEAST2) produziu resultados bas-
tante congruentes com os outros métodos tradicionalmente utilizados em delimita-
ção de espécies, suportando o uso desta nova abordagem para validação estatística 
de espécies. Tal como observado com a divergência genética, mais pronunciada em 





cie quando comparada com as linhagens de C. triacantha. Esta congruência propor-
cionou o reconhecimento de duas espécies dentro de C. johnstonei com forte su-
porte, e todas as evidências combinadas também sustentaram a existência de duas 
espécies dentro de C. triacantha ao longo da sua extensa distribuição geográfica. 
Assim, este estudo compreende a descrição de duas espécies novas, Carlia insularis 
sp. nov. e Carlia isostriacantha sp. nov., ambas do Noroeste da Austrália, o que con-
tribuiu para sublinhar a riqueza da fauna desta região tropical da Austrália.  
A aplicação de sequenciação de nova geração utilizando captura direcionada 
tem recentemente permitido análises filogenómicas de clados em que a especiação 
terá ocorrido por radiação rápida. Este tipo de análises pode ser dificultado na pre-
sença de retenção de muito polimorfismo ancestral, o que exige o uso de métodos 
que têm explicitamente em conta este fenómeno, como são exemplo os métodos 
baseados no modelo de CMS. Tais dificuldades metodológicas foram exploradas 
num estudo colaborativo, baseado também na sequenciação direcionada a exões 
capturados, que teve por objetivo inferir com robustez as relações filogenéticas das 
espécies Australianas do género Carlia e de outros géneros relacionados que no seu 
conjunto representam os escincídeos arco-íris. Análises filogenéticas anteriores rea-
lizadas neste grupo de espécies revelaram pequenas distâncias genéticas entre cla-
dos e discordância significativa entre loci, o que limitou a resolução da inferência da 
filogenia de espécies num grupo que terá diversificado rapidamente. Neste estudo 
foram obtidas filogenias através de métodos que têm a capacidade de utilizar todos 
os loci disponíveis, quer através da concatenação dos loci ou de abordagens sumá-
rias baseadas no CMS que utilizam filogenias de genes para obter uma filogenia de 
espécies final. Ambas as abordagens inferiram topologias relativamente consistentes 
e bem resolvidas, incluindo para clados mais ancestrais que em estudos anteriores 
apresentaram afinidades ambíguas. Adicionalmente, testes realizados com diferen-
tes estratégias para a amostragem de haplótipos em cada espécie com estrutura 
filogeográfica para as análises de CMS, mostraram que a combinação de indivíduos 
de diferentes linhagens filogeográficas consegue produzir filogenias de espécies 
consistentes. Este estudo também mostrou que, contrariamente ao sugerido pela 
filogenia que emergiu dos estudos anteriores, as espécies que ocorrem na região 
AMT (C. amax, C. rufilatus, C. munda, C. gracilis, C. johnstonei e C. triacantha) são 
espécies próximas dentro do mesmo clado filogenético. 
O aumento da disponibilidade de dados de sequenciação na era da genómica 
tem mostrado que a ocorrência de hibridação introgressiva entre espécies em diver-





tinguir entre a retenção de polimorfismo ancestral e eventos de introgressão no pas-
sado têm também sido desenvolvidas, permitindo o estudo do papel da introgres-
são, na história evolutiva das espécies, bem como na persistência de espécies em 
ambientes passados instáveis. Neste estudo foram investigados padrões de intro-
gressão em seis espécies simpátricas de escincídeos Carlia que ocorrem na região 
AMT, e que o estudo filogenético acima referido mostrou serem espécies próximas. 
A partir de dados de sequenciação direcionada a exões capturados, foi possível tes-
tar a eventual ocorrência de mistura genética recente, bem como evidências de in-
trogressão antiga, entre espécies e entre linhagens filogeográficas simpátricas em 
regiões com diferentes histórias climáticas. Apesar da ampla sobreposição geográ-
fica entre espécies e linhagens, apenas foi pontualmente detetada a possibilidade 
de mistura recente, o que sugere forte isolamento reprodutivo entre espécies. No 
entanto, foi obtido suporte para a ocorrência de vários eventos de introgressão no 
passado. Apesar de não terem sido detetados casos de introgressão entre linhagens 
filogeográficas de espécies diferentes que pudessem sugerir hibridação mais re-
cente, as ocorrências de introgressão regional detetadas sugerem um potencial pa-
pel da hibridação em regiões de instabilidade climática elevada. Este estudo mos-
trou como a introgressão pode potencialmente ter consequências significativas na 
história evolutiva de espécies, como por exemplo durante o processo de especiação 
ou na capacidade de resposta das espécies na presença de instabilidade ambiental 
no passado. 
 No geral, os resultados deste estudo contribuem para uma melhor compre-
ensão dos processos que originam diversidade críptica, bem como das respostas das 
espécies a alterações climáticas no passado, na região bastante rica e pouco estu-
dada do bioma Australiano de Monções Tropicais. 
 
Palavras-chave: filogeografia, taxonomia integrativa, introgressão, Carlia, se-
quenciação direcionada a exões capturados
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1.1! Species evolutionary histories and responses to climate change  
Studying species’ evolutionary histories requires an understanding at different scales 
in the speciation continuum from population genetics, phylogeography, to phylogenetics 
and spanning studies working within or above the species level (Cutter 2013). Specifically, 
phylogeography is an important field as it bridges the understanding of intra- and interspe-
cific patterns (Avise et al. 1987, 2016), and is a route to detecting cryptic species, integrating 
geography and environmental change into the study of lineage diversification, and investi-
gating historical processes of community assembly (Hickerson et al. 2010).  
 
1.1.1! Phylogeography 
The field of phylogeography has seen much progress since it was first coined by Avise 
et al. (1987), with a recent issue reviewing much of the state of the field and summarized in 
Avise et al. (2016). From the beginning of using cytoplasmic loci, that for the longest time 
provided the bulk of species specific empirical studies, to the use of multiple nuclear markers 
(Brito & Edwards 2009) and hypothesis-driven studies (Knowles 2004), phylogeography is 
becoming much more integrative with other approaches (such as landscape genetics and 
paleoecology, Rissler 2016; Prates et al. 2016). Current phylogeographic studies are much 
more comparative using multiple species to understand general biogeographic patterns 
(Bowen et al. 2016), incorporate more trait data (Zamudio et al. 2016) with consequences for 
integrative taxonomy, applying genomic datasets (McCormack et al. 2013) and coalescent-
based methods to infer the most likely scenario by estimating the probability of multiple 
demographic models (Thomé & Carstens 2016). 
Phylogeography has been very successful in inferring congruent patterns within differ-
ent biomes starting with well-studied biotas from western North America (Brunsfeld et al. 
2001; Cook et al. 2001; Shafer et al. 2010), south-eastern North America (Avise 2000; Soltis 
et al. 2006) and Europe (Taberlet et al. 1998; Hewitt 1999, 2001; Weiss & Ferrand 2007; 
Feliner 2011; Nieto Feliner 2014). Although southern hemisphere and other regions in de-
veloping countries have taken longer to provide similar studies (Beheregaray 2008), several 
reviews have been showing recent progress such like in African rain forest and Savannas 
(Lorenzen et al. 2012; Hardy et al. 2013), South America savannas and open vegetation bi-
omes (Werneck 2011; Turchetto-Zolet et al. 2013), Tibetan biota (Favre et al. 2015), temper-
ate and arid China (Qiu et al. 2011; Meng et al. 2015), Indo-Australian archipelago (Lohman 
et al. 2011), more specifically the Sunda shelf (Lohman et al. 2011) and several biomes within 
Australia (Schneider & Moritz 1999; Byrne et al. 2008, 2011; Byrne 2008; Bowman et al. 
2010). 
Much of the focus of phylogeography has been on understanding the effects of late 
Quaternary events on species current distributions (Hewitt 1996, 2011). The climatic oscilla-
tions of the Quaternary influenced the geographical ranges of species to expand and con-




change depends largely on their intrinsic traits (such as specific adaptations and environmen-
tal tolerances), whether they will either adapt to the new environment or geographically shift 
their range to track their climatic niche; and if not capable of either, decline to the point 
where they might go extinct (Davis et al. 2005).  
Comparative phylogeographic studies can identify regions in which multiple taxa per-
sisted through past climate change in biogeographic refugia (Davis et al. 2005). The duration 
of isolation in these refugia and the mode of recovery after instability can reflect how species’ 
responded to climate change  (Davis et al. 2005), whereas a low consequence outcome 
would be populations isolated for a short period in different refugia, then coming back into 
contact, and due to low divergence, migration between populations would homogenise 
across the species the independent diversity that arose in the refugia. This in contrast with a 
more detectable outcome observed in current parapatric species, which is consistent with 
the reduction of populations’ range to survive in refugial regions for a long period of time, 
in which expansion after the instability would form contact zones between well differentiated 
species, possibly with subsequent hybridization and introgression (Hewitt 2011). Under-
standing how species have responded to past climate changes, and whether they endured 
periods of adverse climates, can be used in  models forecasting how current and future cli-
mate change may affect species capacity to adapt, move or endure the predicted instability 
(Espíndola et al. 2012; Moritz & Agudo 2013). However, multiple studies suggest disparate 
species’ responses to climate change for sympatric species, with some capable of wide-
spread persistence, while others persist in just a few major refugia and this despite a com-
mon history of climate change in the same region (Byrne 2008; Moussalli et al. 2009; Bell et 
al. 2010; Prates et al. 2016). 
 
1.1.2! Predictions of generalist vs specialist responses to climate change 
The tendency of species to retain ancestral ecological characteristics over time (Wiens 
& Graham 2005) is referred as niche conservatism. Although this seems to be a common 
pattern (Wiens 2004), should closely related species have different niches, then there is op-
portunity to better understand differential responses to climate change.  
The niche breadth hypothesis suggests species encountering a greater set of climate 
conditions across their range (generalist species) are expected to have broader tolerances 
to climate change and larger geographic ranges than climatically restricted species (special-
ist species) (Brown 1984, 1995). In addition, it is expected that species with restricted geo-
graphic ranges are more likely to be sensitive to climate change than widespread species 
(Johnson 1998). Species with restricted ranges and narrower niche breadths are often con-
sidered to have lower dispersal capacity, be weak competitors and have small local popula-
tions (Gaston 1994), which would compromise the capability of species with restricted ranges 
to extend their distribution to new habitats (Thuiller et al. 2005).  
Related to the niche variation hypothesis, Janzen (1967) predicted that tropical ecto-




they would have evolved in relatively constant thermal environments with reduced season-
ality. And following this hypothesis, even within a temperate region, Chejanovski & Wiens 
(2014), found that areas with higher species richness had species with narrower climatic 
niches. Ghalambor (2006) summarised how these niche breadth and dispersal predictions 
relate to increase opportunities for allopatric speciation, and (Slatyer et al. 2013) also found 
support for a general positive relationship between niche breadth and geographic range.  
Walters et al. (2012) suggests the prediction that the increase in thermal specialization 
towards the tropics (Tewksbury et al. 2008) will lead to stronger selection to reduce genetic 
variance (Huey & Kingsolver 1993; Angilletta Jr 2009). This suggests a trade-off between the 
maximum and breadth of performance, where thermal specialists are favoured over thermal 
generalists in a rapidly changing environment, while if genetic variation increases with in-
creasing breadth, then populations of thermal generalists will tolerate the greatest rates of 
environmental change (Huey & Kingsolver 1993). 
 
1.2! Phylogenetics and species delimitation in the age of genomics 
1.2.1! NGS markers and advantages of sequence capture 
In the age of genomics and massively parallel sequencing, several approaches have 
been developed to more readily assess genome diversity and divergence either at inter- or 
intra-specific levels. While the use of whole-genome datasets to solve evolutionary relation-
ships have mostly been applied to well-studied groups (e.g. Drosophila, Clark et al. 2007; 
birds, Jarvis et al. 2014, and mammals, Sims et al. 2009) most phylogenetic and phylogeo-
graphic studies have used either SNP-based methods like RADseq (review of methods in 
Puritz et al. 2014) or sequenced-based target capture approaches (reviewed in Lemmon & 
Lemmon 2013; Jones & Good 2016). Due to short fragment size and patchy recovery of 
homologous loci at deeper phylogenetic scales (Rubin et al. 2012; Leaché & Oaks 2017), 
SNP-based methods are mostly used to analyse genetic diversity between populations and 
relatively closely related species (McCormack et al. 2013). By contrast target capture meth-
ods can be applied to generate high quality and relatively complete data within species (Bi 
et al. 2012; Brandley et al. 2015) and across species at larger phylogenetic scales (Jones & 
Good 2016).  
Recent efforts have been made to develop sequence capture sets that can be used 
across a wide level of phylogenetic scales, as broad as UCEs (ultraconserved elements) for 
Amniota (Faircloth et al. 2012), anchored hybrid enrichment sets (AHE) for vertebrates 
(Lemmon et al. 2012), exon sequence capture for the invertebrate class Ophiuroidea (Hugall 
et al. 2016) and marsupials (Bragg et al. 2017), all squamate reptiles (Singhal et al. 2017) or 
more specifically for a given clade, e.g. Skinks (Bragg et al. 2016). 
The main impediment to the widespread use of targeted capture with non-model spe-
cies are lower number of retrieved loci, the starting costs associated with designing a capture 




ever, these methods yield data assembled into individual longer fragments, resulting in hap-
lotypes or consensus sequences useful for phylogenetic analysis, while still capable of ex-
tracting hundreds to thousands of biallelic SNPs suitable for population genetics. Target 
capture sets can be developed from transcriptomes for the clade in question, with the ad-
vantage to be applied to degraded DNA, like museum specimens (Bi et al. 2012), and are 
effective across moderate levels of phylogenetic divergence (Bragg et al. 2016; Hugall et al. 
2016), while still useful to detect intraspecific variation (Potter et al. 2016). While UCEs, AHE 
and exon sequence capture can all be used to retrieve targeted sequence data, customize 
exon capture probes can be designed with suitable length to target higher diversity exons 
than the conserved loci from the other two approaches (Brandley et al. 2015; Jones & Good 
2016). 
 
1.2.2! New methods for phylogenetic inference 
The increase in available genetic data has brought the need for better and faster meth-
ods to assess species evolutionary histories. For phylogenetic analysis of hundreds or thou-
sands of loci, most researchers have concatenated loci into a super matrix and typically ob-
tain well supported phylogenies using maximum likelihood methods like RAxML (Stamatakis 
2014) or IQ-TREE (Nguyen et al. 2015). However, concatenation overestimates confidence 
of relationships and with rapid divergences (relative to population size) will incorrectly reflect 
evolutionary relationships (Kubatko & Degnan 2007). This is because gene tree discordance 
due to ILS is not accounted for with concatenation, which assumes that all gene trees have 
the same underlying topology. Failure to account for coalescence processes will also up-
wardly bias estimates of branch length towards the tips (Ogilvie et al. 2016; Mendes & Hahn 
2016) which could have negative implications for subsequent inference of macroevolutionary 
patterns. 
Recent coalescent-based methods have been developed to explicitly take into account 
ILS as a source of gene tree discordance (Degnan & Rosenberg 2009) to estimate species 
trees (reviewed in Liu et al. 2015). These methods are consistent under the multispecies 
coalescent model, i.e. they will converge in probability to the true species tree with the in-
crease in number of loci (Warnow 2015); and can be generally classified into summary statis-
tic and full Bayesian methods. 
Summary statistic methods estimate the species tree from a set of gene trees, which 
are often being estimated using maximum likelihood methods. With this approach, it is eas-
ier to parallelize gene tree estimation and species tree methods such as ASTRAL (Mirarab et 
al. 2014), ASTRID (Vachaspati & Warnow 2015) or MP-EST (Liu et al. 2010) are generally very 
fast for many loci and taxa (Liu et al. 2015a). Despite their appeal, these methods do have 
limitations, including that they do not directly estimate time trees and are highly sensitive to 
violations of the underlying multi-species coalescent model, including introgression (Solís-




Bayesian coalescent methods make more efficient use of data by jointly estimating 
species tree and gene trees within species trees directly from multilocus sequence data. 
These methods use the posterior probability distribution approximated by sampling trees 
generated from a Markov Chain Monte Carlo (MCMC) algorithm (Liu et al. 2015a). Conse-
quently, methods like BEST (Edwards et al. 2007; Liu & Pearl 2007; Liu 2008), *BEAST (Heled 
& Drummond 2010) and BPP (Zhang et al. 2014) have high computational costs (Liu et al. 
2015a). Recently some improvements have been made under the Bayesian multispecies co-
alescent methods, like the use of biallelic SNPs with SNAPP (Bryant et al. 2012), and algo-
rithmic improvements to increase the efficiency of computation in BPP (Rannala & Yang 
2017) and StarBeast2 (Ogilvie et al. 2017).  
 
1.2.3! Species delimitation 
Species delimitation can be a challenging task considering the difficulty to decide 
which evidences are sufficient to define and diagnose species, considering the debate 
around of more than 30 species concepts (de Queiroz, 1998). Here, this thesis follows the 
unified species concept (De Queiroz, 2007) that defines a species by treating existence as a 
separately evolving metapopulation lineage as the only necessary property of a species, with 
different lines of evidence from the more applicable methodologies in assessing lineage 
separation. Also, delimiting species should not be considered as a final static outcome, since 
species are hypotheses that are subject to change with new data and methods (Fujita et al. 
2012). 
The proliferation of genetic markers and phylogenetic methods ultimately benefited 
the field of species delimitation, the main purpose of which is to identify species-level bio-
logical diversity (Carstens et al. 2013). Genetic species delimitation methods consist of dis-
covery approaches, which assign samples to groups without any a priori information, and 
validation approaches that are based on hypothesis testing and require a prior assignment 
of samples of lineages (O’Meara 2010; Carstens et al. 2013). 
Most species delimitation approaches tend to only perform discovery analyses while 
investigating genetic substructure in populations (Rannala 2015), using SNP-based clustering 
methods like Structure (Pritchard et al. 2000) or Structurama (Huelsenbeck et al. 2011), or 
gene tree-based methods like GMYC (Pons et al. 2006) or Brownie (O’Meara 2010). How-
ever, with many loci very subtle differences between populations can be detected, even if 
low ongoing gene flow still occurs, requiring further evaluation of identified lineages with 
additional analyses (Rittmeyer & Austin 2012; Carstens et al. 2013). Hence these clustering 
approaches are not, by themselves, useful for species delimitation (Rannala 2015). 
The most commonly used validation approaches are based on the multispecies coales-
cent model, since it provides clear and objective testing of alternative hypothesis for inde-
pendent lineages (review in Fujita et al. 2012). A Bayes Factor (BF) approach was imple-
mented with the SNP-based SNAPP (Leaché et al. 2014) to calculate marginal likelihoods for 




SNAPP is that it can integrate over many gene trees, the BF implementation relies on a 
computationally intensive MCMC path sampling framework (Rannala 2015). In contrast, BPP 
uses a reversible-jump MCMC algorithm to estimate the posterior probability of alternative 
delimitation hypotheses, and this can be performed jointly with inferring the species tree 
(Yang & Rannala 2014).  
Carstens et al. (2013) recommended that multiple delimitation methods should be ap-
plied and delimitation should be accepted when it is the most common across most of the 
methods. However, from a statistical perspective, Rannala (2015) argues that some models 
are better than others and, due to possible failures of implementation of these models, sug-
gests the use of two or more programs based on the same or very similar statistical models. 
In parallel with the developments in genetic species delimitation, there has been a 
renewed push to seek congruence across multiple lines of evidence – “integrative taxon-
omy” in order to arrive at more reliable and stable species delimitations. This reflects con-
cern that traditional morphology-based methods struggle to identify cryptic species or can 
be misled due to convergent evolution of traits (Padial et al. 2010; Fujita et al. 2012). Some 
approaches have been able to simultaneously include genetic, phenotypic and geographic 
information (Guillot et al. 2005; Solís-Lemus et al. 2015). Additionally, it was also suggested 
that species description should include diagnostic traits that go beyond the limitations by 
conserved morphological evidence, using for example DNA-based diagnosis (Renner 2016). 
Ultimately these advancements in detection and description of species will benefit bi-
odiversity assessments that are important for management and conservation, with increasing 
efforts to also consider phylogenetic diversity (e.g. Rosauer et al. 2016, 2017; González-
Orozco et al. 2016). 
 
1.3! Hybridization 
1.3.1! Role of gene flow and introgression in species evolutionary histories 
Gene flow is one of the forces affecting evolutionary change and the development of 
isolation-with-migration models has enabled biologists to study the role of gene flow during 
species divergence (Pinho & Hey 2010). In contrast with a strict isolation or allopatric diver-
gence scenario, alternative models that include gene flow are isolation with migration with 
constant rates of migration since split, isolation after migration where populations initially 
diverge with gene flow which later ceases and divergence continues in isolation, and a third 
model in which populations diverge isolated with no gene flow for a period of time after 
which gene flow is initiated when populations come into secondary contact (reviewed in 
Sousa & Hey 2013).  
Although largely studied at intraspecific level, gene flow between genetically distin-
guishable taxa (species or diverging populations), i.e. hybridization with production of viable 
hybrids, has mostly been under appreciated as an important process in speciation of verte-
brates (Rheindt & Edwards 2011; Mallet et al. 2016), despite this being long recognized for 




of genetic markers or even whole genome analyses, have been suggesting that speciation 
with gene flow could be more common than previously thought (Nosil 2008) and has been 
detected in well-studied species like cichlids, Heliconius butterflies and Darwin’s finches 
(Martin et al. 2013; Lamichhaney et al. 2015; Meier et al. 2017b).  
The study of hybridization is relevant to understand how differentiated lineages re-
spond when coming into secondary contact, particularly after a period of time where they 
have been evolving separately but reproductive isolation (RI) is not yet complete. This is 
observable in hybrid zones (e.g. Singhal & Moritz 2012); where parapatric lineages are in 
contact and depending on strength of RI, current hybridization might be frequent and an 
equilibrium between migration of alleles and selection against determines the width of a 
stable contact zone (reviewed in Barton & Hewitt 1985). When this equilibrium is disrupted, 
hybridization may lead to introgression (or “introgressive hybridization”), i.e. the incorpora-
tion through backcrossing of alleles from one lineage into the gene pool of a second, diver-
gent lineage (Anderson & Hubricht 1938; Anderson 1949). Perhaps more frequently, hybrid-
isation between closely related taxa can lead to collapse of species boundaries (Seehausen 
2004). 
Introgression among even phylogenetically divergent species can be observable as 
discordance among gene trees above that expected from mutational variance or incomplete 
lineage sorting (ILS; Mallet et al. 2016; Edwards et al. 2016). Depending on the taxon and 
scale of analysis, reticulate evolution can also be due to lateral gene transfer, especially in 
prokaryotes (Mallet et al. 2016).  
Hybridization may have several distinct outcomes on speciation, at different stages and 
in different spatial contexts (reviewed in Abbott et al. 2013). On one hand, it can slow or 
reverse differentiation by allowing gene flow among diverging lineages; on the other hand, 
it may accelerate speciation via introgression of a few loci promoting adaptive divergence 
(Mallet 2007), such as the mimicry genes in Heliconius butterflies (The Heliconius Genome 
Consortium 2012) and a gene related to beak traits in Darwin's finches (Lamichhaney et al. 
2015). The temporal context of hybridization consists of either one or more occurrences of 
secondary contact after a period of independent evolution or continuous contact with diver-
gent selection. The spatial context may reflect habitat disturbance or range expansion (e.g. 
Abbott et al. 2003; Zinner et al. 2009), and hybridization may occur in hybrid zones or in 
complex habitat mosaics that arise due to local adaptation in an heterogeneous environment 
(reviewed in Harrison & Larson 2014). 
 
1.3.2! Hybridization and environmental change 
One reason why hybridization is an important research topic is due to the impacts of 
anthropogenic climate change, which allow for species to shift their range forming new hy-
brid zones, but with unknown consequence for species stability due to the fast rate of change 




with habitat heterogeneity and the adaptation of hybrid phenotypes to new environments is 
providing important theory for this field (Taylor et al. 2015).  
Where reproductive isolation depends in some way on ecological specialization, a loss 
of environmental heterogeneity can increase hybridization between populations, that have 
diverged though adaptation to different environments, perhaps even collapsing them into 
one taxon (Seehausen et al. 2008). Regardless of the spatial scale, the decrease of landscape 
heterogeneity may increase the probability of hybridization, by relaxing ecological divergent 
selection among species and by making costs of mate choice too high in declining popula-
tions. In the case of a lasting environmental disturbance that triggered the decrease of land-
scape heterogeneity, a possible outcome can be the a reduction of biodiversity (Seehausen 
et al. 2008; Gilman & Behm 2011). Examples of recent anthropogenic disturbance causing 
speciation reversal are in the whitefish (Vonlanthen et al. 2012), stickleback fishes (Taylor et 
al. 2006), and in tree finches (Kleindorfer et al. 2014). 
On the other hand, hybrid speciation theory suggests that with increasing environmen-
tal heterogeneity, new species can be generated by hybridization when new niches are avail-
able, ecological selection is strong with high hybrid fertility, and these are spatially well sep-
arated habitats of parental and hybrid species (Rieseberg 1997; Buerkle et al. 2000). Hybrid-
ization can be advantageous in new or perturbed habitats, as hybrid genotypes can be fitter 
in different habitats than their parental species (Dowling & Secor 1997; Burke & Arnold 2001; 
Arnold & Martin 2010), which has been well studied in sunflowers (Karrenberg et al. 2006), 
Irises (Taylor et al. 2009), and also in Darwin’s finches (Grant & Grant 1996; Lamichhaney et 
al. 2018). Additionally, habitat change may also cause “hybridization of the environment”, 
increasing contact of ecologically separated species which facilitates hybridization and cre-
ates novel habitats in which hybrids thrive (Anderson 1948; Anderson & Stebbins Jr. 1954). 
Hybridization has also been shown to instigate adaptive radiations, due to environmental 
changes that increase rates of hybridization and responses to selection, driving populations 
to diversify under divergent selection (Seehausen 2004; Meier et al. 2017a). 
A large proportion of global vertebrate species diversity that arose by ecological spe-
ciation during the Quaternary (Seehausen et al. 2008) is predicted to be susceptible to hy-
bridization-driven diversity change, considering that intrinsic postzygotic isolation may take 
2-5 million years to complete (Coyne & Orr 2004) and the occurrence of postglacial range 
expansions enabling species coming into secondary contact. In fact, there is an ample body 
of research showing hybridization across multiple groups that changed their range during 
the climatic oscillations of the Quaternary (reviewed in Hewitt 2011). 
More research into hybridization through secondary contact of allopatric species has 
been done, while little attention has been given to hybridization between secondarily sym-
patric species (for examples; see Bettles et al. 2005; Hasselman et al. 2014; Rohde et al. 
2015). It is often assumed sympatric species evolved reproductive barriers to gene flow, but 
they might differ in microhabitat preferences or other life history trait occurring in allotopy 




or decline of microhabitat can break ecological barriers and also promote hybridization be-
tween proximal species. 
 
1.3.3! Approaches to detecting gene flow 
Since the development of isolation-with-migration models, it has been possible to de-
tect divergence between taxa in the presence of gene flow (reviewed in Sousa & Hey 2013). 
Initially based on sequence data from multiple loci, more recent approaches have used SNP 
data and the site frequency spectrum (SFS), which can allow for comparisons of models of 
strict isolation vs gene flow between two or three populations. Such approaches are based 
on a composite likelihood that approximates the joint allele frequency distribution between 
populations to estimate migration rate, e.g., the diffusion approximation ∂a∂i (diffusion ap-
proximations for demographic inference) method (Gutenkunst et al. 2009), or the more flex-
ible simulation approach using fastsimcoal2 (fast sequential markov coalescent, Excoffier et 
al. 2013). Approximate Bayesian Computation (ABC, Shafer et al. 2015) can provide higher 
precision to estimated parameters, calculating posterior distributions by comparing simu-
lated against observed data from thousands of loci, but it is much more computationally 
expensive. However, these model-based approaches can only infer which of the tested mod-
els is closer to the data, often provide poor estimates of gene flow timing and can struggle 
to separate models with continuous vs episodic gene flow (Roux et al. 2013).  
Several statistical approaches also exist to infer from genetic data if gene flow is cur-
rently occurring between diverged lineages in secondary contact. The most commonly used 
approach is to identify recent gene flow with genotype-based population clustering methods 
such as the software Structure (Pritchard et al. 2000) or Admixture (Alexander et al. 2009), 
or to discriminate among types of recent hybrids (NewHybrids, Anderson & Thompson 
2002). However, to then infer reliably rates of introgression where different lineages are in 
contact, clinal analysis of allelic frequencies across hybrid zones is more informative 
(Gompert & Alex 2011). 
An approach that can efficiently infer past introgression between non-sister species 
while accounting for ILS is the ABBA-BABA test (Green et al. 2010). This is becoming the 
most widely used method with the capability to detect introgression across genomic regions 
in whole-genome studies (Martin et al. 2015). This test is based on counts of ancestral (A) 
and derived (B) alleles from biallelic SNPs from species in a pectinate four-taxon topology 
(includes one outgroup). The test uses two patterns of interest, ABBA and BABA, that cor-
respond to incongruences relative to the expected profile, BBAA, due to either introgression 
or to ILS. With ILS alone these patterns would be equally frequent and Patterson’s D statistic 
infers introgression from a significant excess of one pattern over the other. Several methods 
have been developed based on this test: based on allelic frequencies (Durand et al. 2011), 




A phylogenetic approach to distinguish patterns of ILS from gene flow is to model phy-
logenetic networks where introgression is presented by nodes connecting hybridizing spe-
cies (or ancestral braches) in a phylogenetic tree. The two main programs for estimating 
phylogenetic networks with the capacity to infer magnitude and direction of gene flow are 
PhyloNet (Than et al. 2008) and PhyloNetworks (Solís-Lemus et al. 2017). PhyloNet is com-
putationally intensive, based on rooted triplets and includes methods of maximum likelihood 
(Yu et al. 2014), pseudolikelihood (Yu & Nakhleh 2015), and Bayesian inference from gene 
trees (Wen et al. 2016), biallelic markers (Zhu et al. 2018) and from sequences (multispecies 
network coalescent method, Wen & Nakhleh 2017). PhyloNetworks uses a maximum pseu-
dolikelihood estimation of species network (SNaQ, (Solís-Lemus & Ané 2016) which is faster 
since it is based on concordance factors of unrooted quartets. Additionally, another recent 
sequenced-based multispecies network coalescent method has been developed within 
BEAST2 (Bouckaert et al. 2014) - SpeciesNetwork (Zhang et al. 2017). This approach is very 
computationally intensive but can be used to study hybrid speciation and introgression be-
tween sister and non-sister taxa. 
 
1.4! The Australian Monsoonal Tropics Rainbow skinks 
1.4.1! Carlia – The Rainbow Skinks 
Because of their diverse ecology and morphology, and low dispersal, lizards are great 
set of model organisms for studying phylogeography, speciation (Camargo et al. 2010) and 
responses to climate change (Huey et al. 2009). In particular, Australian lizards represent a 
very species rich (>1000 species) and interesting group (Powney et al. 2010; Wilson & Swan 
2017). Recent phylogenetic and macroevolutionary analyses have yielded new insights into 
the evolutionary origins and subsequent radiations of this large and high endemic fauna 
(Rabosky et al. 2014; Oliver & Hugall 2017). The skinks (Scincidae) are the largest family of 
lizards with 437 species just in Australia (Wilson & Swan 2017). In this continent, the skinks 
are represented with three clades that separately colonized a depauperated Australian fauna 
after the separation from Antarctica: the Sphenomorphus (25 Ma), Egernia (18 Ma) and the 
Eugongylus group (20 Ma) (Skinner et al. 2011). 
The rainbow skinks are one of the better studied group of Australian lizards that belong 
to the Eugongylus group (Greer 1979), and these likely went through a rapid diversification 
during the mid-late Miocene (Dolman & Hugall 2008). The rainbow skinks consist in the ge-
nus Carlia Gray (1845) and this informal name is also associated with the Lygisaurus De Vis 
(1884) and Liburnascincus Wells & Wellington (1984) genera, and in total these three genera 
contain more than 60 species across Australia, New Guinea and Wallacea (from reptile-da-
tabase.reptarium.cz). The molecular systematics of the Australian species in this clade have 
been studied with mtDNA phylogenies (Stuart-Fox et al. 2002; Couper et al. 2005), mtDNA 
and nuclear markers (Dolman & Hugall 2008) and further with morphological and karyotype 




ships or topological conflicts within and between the three genera across the different da-
tasets. Even the more complete and better resolved phylogenetic tree in Dolman & Hugall 
(2008) has low support for several nodes. The species across Carlia and Lygisaurus in partic-
ular have low interspecific morphological variation (Storr 1974), hindering identification of 
taxonomic diagnostic traits and species delimitation based only on morphology. 
Lygisaurus (litter-skinks) is a genus resurrected from synonymy with Carlia in Ingram & 
Covacevich (1989), sunk by Stuart-Fox et al. (2001) and resurrected again by Dolman & 
Hugall (2008), and which contains 11 Australian species. These are smaller and mostly lack 
the male breeding colours and scale keeling present in Carlia. This genus can be further 
distinguished from the latter by the number of premaxillary teeth and supradigital scales on 
the fourth toe (Ingram & Covacevich 1989). These species occur across rainforest, woodland 
and rocky habitats in the northeast of Australia and Papua New Guinea (Ingram & Covacevich 
1989). Liburnascincus (four-fingered rock skinks) consists of four saxicoline species that are 
restricted to rocky environments (Wilson & Swan 2017) in north-eastern Australia. This genus 
may be distinguished from Carlia by a combination of several traits related to the scales, ear 
opening, size and coloration (Cogger 2014).  
 
Most species diversity (44 species overall, from reptile-database.reptarium.cz) is within 
Carlia (four-fingered skinks) with at least 24 species in Australia (Hoskin 2014) and many more 
across New Guinea and Wallacea, which are the focus of an ongoing taxonomic revision 
based on new phylogenomic data (E. Rittmeyer, in prep.). The Australian species are distrib-
uted across eastern Australia with a group of six species also occurring across the Australian 
A B
Figure 1.1 Phylogenetic relationships of the rainbow skinks from Dolman and Hugall (2008) (A), and distribution 
of Carlia species across Australia (B). Map and location points retrieved from Atlas of Living Australia website at 




Monsoonal Tropics (AMT). Most spe-
cies are in tropical and subtropical re-
gions except for C. munda and C. tria-
cantha that also extend to the arid 
centre, and C. tetradactyla in the 
more temperate southeast of the con-
tinent.  
These skinks can be found in 
leaf litter and rocky areas across di-
verse vegetation types: tropical rain-
forest, spinifex grasslands, tropical 
woodlands, open eucalypt forest, ag-
ricultural lands and suburban gardens 
(Stuart-Fox et al. 2002); as well as di-
verse substrate types, from sandy 
soils in coastal and semi-arid areas to bare granite boulders (Ingram & Covacevich 1989; 
Cogger 2014). The highest abundance and species diversity is in dry woodland habitats and 
the rainforest from north-eastern Australia (Wilson & Swan 2017), where most research on 
this genus has been done. One main feature that characterizes these lizards is sexual dichro-
matism, in which males of most species develop bright lateral colouring during their wet-
season mating period, whereas females lack bright colours (Ingram & Covacevich 1989). 
These small species (35 to 65 mm snout-vent length) are insectivorous, oviparous, actively 
foraging, diurnal, terrestrial skinks with well-developed limbs. Species identification can be 
achieved based on coloration, especially in the breeding season, along with presence, 
strength and number of dorsal keels, the relative size of transparent disc, the shape and 
alignment of ear-opening and ear-lobules characteristics (Wilson & Swan 2017).  
Carlia has been the target of several recent taxonomical revisions (e.g. Zug 2004; 
Donnellan et al. 2009) and additional delimitations of species based on morphology and 
mtDNA data (Hoskin & Couper 2012; Hoskin 2014). Other published research concerns be-
haviour (Langkilde et al. 2003, 2005), ecomorphological studies (Goodman 2007; Dolman & 
Stuart-Fox 2010; Goodman et al. 2013; Manicom et al. 2014), sensitivity to fire (Braithwaite 
1987) and physiological ecology (Singh et al. 2002; Vickers et al. 2011; Muñoz et al. 2016; 
Pintor et al. 2016a; b). These detailed studies are largely focused on species from north-east 
Australia. In parallel, there has been a lot of recent interest on speciation, responses to past 
climatic change and refugia with two rainforest-associated species, C. rubrigularis and C. 
rhomboidalis (Stuart-Fox et al. 2001; Phillips et al. 2004; Dolman & Moritz 2006; Dolman 
2008; Moritz et al. 2012; Singhal & Moritz 2013; Singhal & Bi 2017).  
By comparison with east Australian species of Carlia, much less research has been done 
on the Australian Carlia species that occur in the central and west of the AMT, long known 
as a biogeographically distinct region (Cracraft 1986; Edwards et al. 2016). This set of six 
Figure 1.2 Distribution of the six Australian Monsoonal Tropics 
Carlia species. Map and location points retrieved from Atlas of 




species - C. johnstonei, C. triacantha, C. amax, C. rufilatus, C. munda and C. gracilis - overlap 
in distribution and appear as a polyphyletic group of species in the phylogeny from Dolman 
& Hugall (2008, Fig. 1.1).  
C. johnstonei and C. triacantha are each other’s 
closest relatives and they overlap in distribution, how-
ever they have distinct climatic niches. C. johnstonei 
Storr, 1974 (rough brown rainbow skink) is the only en-
demic Carlia to the wettest region in the Kimberley (re-
gion in the north-west of Australia), and it is associated 
with monsoon forests of basalt country and leaf litter of 
other kinds of closed or dense vegetation (Ingram & 
Covacevich 1989). C. triacantha Mitchell, 1953 (desert 
rainbow skink) has a much wider distribution from the 
mesic north (Kim-
berley and Top End) to the arid centre of Australia 
(Pilbara and Central MacDonnell Ranges), and it is often 
found in sandstone spinifex, among other rocks, on 
sand and termite mounts (Ingram & Covacevich 1989). 
Morphologically these are more distinct than other 
pairs of sister species, with differences in number of 
keels in scales (two keels vs three), body coloration 
even without breeding colours, distance in prefrontal scales (usually separated vs in contact) 
and number of lobules inside ear-opening (many vs a few) (Cogger 2014).  
Sister to this group is Carlia amax Storr, 1974 
(two-spined or bauxite rainbow skink), with differences 
to C. johnstonei in body size, coloration and ear lobules 
(one anterior), similar with two keels on body dorsal 
scales, but with a broader distribution across the AMT. 
This is a fire-sensitive species (Nicholson et al. 2006) 
found mainly on rocks (especially laterite), and in spini-
fex or leaf litter of deciduous vine thickets growing at 
the foot of limestone outcrops and sandstone cliffs 
(Ingram & Covacevich 1989).  
Carlia rufilatus Storr, 1974 (red-sided rainbow 
skink) is an outgroup to the previous three species, with 
a scattered distribution ranging from the Kimberley to 
the north-west of Top End where it is more common, 
and found in riparian rainforests, moderately dense for-
ests and woodlands (Ingram & Covacevich 1989). 
Figure 1.3 Carlia johnstonei 
Figure 1.4 Carlia triacantha 
Figure 1.5 Carlia amax 




This species has several morphological similari-
ties with the distantly related C. munda De Vis, 1985 
(striped or shaded rainbow skink): with a dotted or 
flecked with black coloration, white strip below eye to 
ear or forelimb, red lateral coloration in breeding males, 
prefrontals in contact and one to two ear lobules 
(Cogger 2014). These species differ in keeling strength; 
the latter is smooth to feebly tricarinate, whereas C. ru-
filatus is moderately keeled. These two species also dif-
fer in breadth of distribution and climates occupied (Potter et al. 2017); C. munda has a wide 
distribution, similar to C. triacantha with addition of an Australian East Coast distribution, 
whereas C. rufilatus is restricted to mesic areas of the 
Kimberley and Top End.  
The sixth species, C. gracilis Storr, 1974 (slender 
rainbow skink), is one of the more ancestral species 
within Carlia and it also occurs across the Kimberley and 
the Top End region. This species has a slender body 
shape with three moderately strong keels on dorsal 
scales, usually five supraciliaries, separated prefrontals 
(Cogger 2014), is fire sensitive and has a preference for 
abundant leaf litter of monsoon forests, coastal thickets and wetter woodland areas (Ingram 
& Covacevich 1989).  
These last four species have been studied by Potter et al. (2016, 2017) to investigate 
lineage diversity and explore how concordant the species responses to late Pleistocene 
change were, finding cryptic lineages and dissimilar species responses between two re-
gions. These studies found deep divergent lineages in islands of northern Australia, recent 
admixture and potential gene flow between some mainland intraspecific lineages, and de-
tected in the Top End a more synchronous demographic expansion of lineages and climatic 
stability since the LGM than in comparison with the Kimberley region. It was also concluded 
that in areas of greater climate fluctuation and aridity prone like the Kimberley, species re-
sponses are more spatially and temporally variable reflecting differences in niche breadth.  
Though relatively poorly studied, there are some ecological differences (e.g. fire sen-
sitivity, timing of reproduction, habitat use) between these six species, but various combina-
tions often occur in sympatry (James & Shine 1985; Braithwaite 1987; Gambold & Woinarski 
1993; Dolman & Stuart-Fox 2010). They also have similar diets, behaviours and breeding 
seasons (Brown 1984; James & Shine 1985). Despite differences in range size and associated 
climate space, these species broadly overlap across several regions within the AMT, partic-
ularly in the mesic zones of the north-west Top End and the west Kimberley. 
 
 
Figure 1.6 Carlia gracilis 




1.4.2! Biogeography of the Australian Monsoonal Tropics  
The Australian Monsoonal tropics (Fig. 1.9) is a sparsely populated region with one 
of the largest, ecologically dynamic and pristine tropical savannas, and an underestimated 
high biodiversity value (Woinarski et al. 2007; Bowman et al. 2010). This region in the north 
of Australia is characterized by a latitudinal gradient of high to moderate wet summer mon-
soon (more than 85% rainfall between December to April) followed by a longer dry season 
during the rest of the year (Suppiah 1992; Bowman et al. 2010). The distribution of different 
habitats within the savanna (e.g. sandstone uplands, floodplains, mesic forests and freshwa-
ter wetlands) comes from the interaction of this monsoonal climate with topography, hydrol-
ogy and fire behaviour (Woinarski et al. 2007; Bowman et al. 2010). 
 
  
This biome is relatively understudied in comparison with the older and narrowly dis-
tributed rainforests of the Australian Wet Tropics (Williams et al. 1996; Schneider et al. 1998; 
Yeates et al. 2002; Pearson et al. 2015) or the younger and widespread arid zone (reviewed 
in Byrne et al. 2008; Oliver & Hugall 2017), both of which flank the AMT. The warm, wet 
climate and mesic biome that covered most of Australia started to decline with the aridifica-
tion across most of central Australia in the mid-Miocene (Martin 2006; Fujioka & Chappell 
2010). Around 5.5 million years ago (MYA) northwest Australia experienced a rapid transition 
from a dry to humid climate, with year-round rainfall during the Pliocene, until 3.3 MYA 
(Christensen et al. 2017). The climate then shifted to an arid with seasonal precipitation re-
gime in the early Pleistocene around 2.4 MYA (Christensen et al. 2017). However, paleoeco-
logical evidence suggests that the direction and magnitude of climatic fluctuations from the 
last glacial maximum (LGM) to the present varied considerably across northern Australia 
(Reeves et al. 2013).  
The biogeography of the AMT was summarized by Bowman et al. (2010) who sum-
marized evidence for several barriers based on a combination of climatic and topological 
Figure 1.8 The Australian Monsoonal Tropics (AMT) mapped with main biogeographic regions and col-
oured by annual precipitation. The major areas shown with horizontal hatching represent raised or dis-




factors (further revised in Eldridge et al. 2011; Catullo et al. 2014; Edwards et al. 2017). The 
three main biogeographic regions identified within the AMT (Fig. 1.9) are, from east to west: 
Cape York (Queensland), Top End (Northern Territory) and the Kimberley (Western Terri-
tory). The Cape York region is delineated by the Carpentarian Gap to the west and the Bur-
dekin Gap to the south (reviewed in Chapple et al. 2011). The Top End is isolated to the 
west by either of both of the Victoria or Daly River catchments and to the south by the open 
woodlands of the Northern Deserts (Catullo et al. 2014). This region is ecologically and topo-
graphically diverse with high levels of biodiversity and endemism (Bowman et al. 2010; 
Rosauer et al. 2016).  
The Kimberley region corresponds to the uplifted Kimberley plateau, the uplands of 
the King Leopold and Durack ranges (Li 2000; Pepper & Keogh 2014). It is isolated to the 
south by sandplains and increasing aridity and east by the Ord – Victoria River region. Bio-
geographical breaks within the Kimberley have been proposed by Pepper & Keogh (2014) 
and some recent studies of vertebrates support some parts of the region also as a Pleisto-
cene refugium (e.g. Pepper et al. 2011a; Potter et al. 2012; Williams et al. 2013; Oliver et al. 
2014; Catullo et al. 2014; Laver et al. 2018). Further evidence of persistence of species in 
this region comes from the discovery of large endemic radiations of land snails (Köhler & 
Criscione 2015). This notion of evolutionary refugia in the Kimberley contrasts with earlier 
views of complete displacement of monsoonal woodlands northwards to the exposed Ara-
fura shelf during the LGM (Woinarski et al. 2007). Monsoon activity was weaker during the 
last glacial maximum (LGM) which likely resulted in dry and cool conditions until the early 
Holocene, changing around 14,000 years ago (Field et al. 2017) to wetter and warmer con-
ditions than at present (Reeves et al. 2013; Proske et al. 2014) and then a gradual weakening 
of the monsoon activity.  
The challenges for research across the several regions within the AMT are mostly due 
to remoteness, inaccessibility during wet season and restricted access regions located in 
Aboriginal-owned lands (Moritz et al. 2013). Despite this, there has been substantial recent 
effort, including extensive field work in association with Indigenous Rangers and other land-
holders, to increase the knowledge of biodiversity and richness across the region. These 
studies have been showing substantial, taxonomically unrecognised diversity with most spe-
cies including several morphologically cryptic lineages, only some of which have subse-
quently been described. Examples of this rampant cryptic diversity include geckos (Oliver et 
al. 2010, 2013; Pepper et al. 2011b; Oliver & Parkin 2014; Moritz et al. 2016, 2017; Laver et 
al. 2018), frogs (Catullo et al. 2014), skinks (Potter et al. 2016, 2017), birds (Toon et al. 2010; 
Kearns et al. 2014), fishes (Huey et al. 2012), mammals (Potter et al. 2012, 2014, 2015; 
Wadley et al. 2016), and invertebrates (Braby 2008; Criscione et al. 2012; Andersen et al. 
2014). For the increasingly well-studied reptiles, it is likely that the described species diver-
sity of the Top End and Kimberley will increase several-fold. 
These cryptic lineages are often within widespread taxonomic species and failure to 




cryptic, often short-range, endemic lineages represent older events of vicariant differentia-
tion, while widespread lineages often represent more recent events of dispersal and range 
expansions (Oliver et al. 2014; Pepper & Keogh 2014; Moritz et al. 2017). Furthermore, these 
recent studies highlight the necessity of extending high resolution phylogeographic analyses 
to other species in the region as such studies can provide spatial information that can be of 
valuable input for conservation and management of the rich ecosystems across the AMT 
(Moritz et al. 2013; Rosauer et al. 2016, 2018).  
 
1.5! Aims and structure of this thesis 
How speciation, range shifting and reticulation through climatic oscillations combine 
to shape current patterns of local and regional diversity remains a key question in evolution 
and ecology. Insights into these processes can be obtained through multi-scale analyses of 
closely related species in diverse communities, such as the rainbow skinks from the Australian 
Monsoonal Tropics (AMT). Hence, the main goal of this thesis is to study these species’ evo-
lutionary histories to better understand the processes that drive diversity across this rich and 
understudied Australian biome. In particular, I apply the custom exon-capture and sequenc-
ing approach (Bi et al. 2012; Bragg et al. 2016) to resolve demographic and speciation his-
tory, delimit species and infer their relationships. 
More specifically the aims are to: 
1.! Identify lineage diversity within and across a pair of sympatric species; 
2.! Apply a combined genomic and morphological approach to validate new major line-
ages as separate species;  
3.! Compare the responses of species with starkly different observed climatic breadth to 
the same climatic fluctuations;  
4.! Infer the relationships of the AMT species to each other and other rainbow skinks 
using a phylogenomic approach; 
5.! Explore the potential for reticulation between these often sympatric AMT species, 
considering two regions with distinct climatic histories. 
 
These five objectives were addressed across a total of six chapters. The present 
Chapter I, provided an overview of theoretical and methodological content, the study spe-
cies and region, to introduce the necessary context to address these five aims. 
 Chapter II corresponds to a publication in the Molecular Ecology journal and ad-
dressed the first and third aim with the main focus to compare the responses to the most 
recent events of past climatic change of two sympatric sister species: the climatic specialist 
narrow endemic C. johnstonei with the widespread climatic generalist C. triacantha. To do 
this I used a broad geographic sampling and an exon capture dataset to firstly identify major 
intraspecific lineages with their divergence histories, and then to compare intraspecific pat-




          In Chapter III, the lineages that were identified in chapter II were further analysed, with 
the objective to test support for describing them as new species. I used an integrative ap-
proach with morphological data and multispecies coalescent methods, to statistically vali-
date these lineages as independent units and then described them as new species, accom-
plishing the second aim and published in the journal PeerJ.  
Chapter IV is a collaborative study published in BMC Evolutionary Biology journal, 
that addressed the fourth aim to infer the relationships of the Carlia species that broadly co-
occur in the Australian Monsoonal Tropics. This is achieved by investigating the phylo-
genomics of the rainbow skinks, by using the same exon capture set to produce a well-
resolved phylogeny of the Australian Carlia species.  
Chapter V is a study in the final stage of preparation to submit to an indexed inter-
national scientific journal and it is focused on the last aim. Here, I explored reticulation across 
the six sympatric AMT species and their overlapping regional lineages identified in previous 
studies and Chapter II, using similar exon capture data and recent statistical methods. Spe-
cifically, I intended to compare introgression between overlapping lineages in the Kimberley 
vs Top End to identify the potential for a differential hybridization response in a more unsta-
ble vs stable region in the late Pleistocene. 
 Finally, the integration of the results in the different Chapters is provided in the Gen-
eral Discussion (Chapter VI). This discusses cryptic speciation and responses to past climatic 
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Species endemic to the tropical regions are expected to be vulnerable to future 
climate change due in part to their relatively narrow climatic niches. In addition, these species 
are more likely to have responded strongly to past climatic change, and this can be explored 
through phylogeographic analyses. To test the hypothesis that tropical specialists are more 
sensitive to climate change than climate generalists, we generated and analyze sequence 
data from mtDNA and ~2500 exons to compare scales of historical persistence and 
population fluctuation in two sister species of Australian rainbow skinks: the tropical 
specialist Carlia johnstonei and the climate generalist C. triacantha. We expect the tropical 
specialist species to have deeper and finer-scale phylogeographic structure and stronger 
demographic fluctuations relative to the closely related climate generalist species, which 
should have had more stable populations through periods of harsh climate in the late 
Quaternary. Within C. johnstonei, we find that populations from the northern Kimberley 
islands are highly divergent from mainland populations. In C. triacantha, one major clade 
occurs across the deserts and into the mesic Top End, and another occurs primarily in the 
Kimberley with scattered records eastwards. Where their ranges overlap in the Kimberley, 
both mitochondrial and nuclear DNA suggest stronger phylogeographic structure and range 
expansion within the tropical specialist, whereas the climate generalist has minimal 
structuring and no evidence of recent past range expansion. These results are consistent 
with the hypothesis that tropical specialists are more sensitive to past climatic change.  
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Past responses to climate change are reflected in spatial patterns of genetic diversity, 
so it can be informative to compare these patterns between (Rödder et al. 2013) and within 
species (McDonough et al. 2015). It is usually expected that specialist species with relatively 
narrow climatic tolerances will have persisted through the climatic changes of the late 
Pleistocene in one or a few geographic refugia and experienced strong demographic 
fluctuations that might still be detectable in patterns of genetic variation (e.g. Moussalli et 
al. 2009; Bell et al. 2010; Werneck et al. 2011; López-Uribe et al. 2014). By contrast, species 
with broader climatic niches are mostly predicted to be less affected, with smaller 
demographic or spatial change (e.g. Janzen 1967, Peres et al. 2015; Berkman et al. 2015). 
Tropical ectotherms are assumed to have narrow thermal niches (Sunday et al. 2011; 
Huey et al. 2012), leading to the expectation that they will be more sensitive to climate 
change than widespread or generalist species. Accordingly, much attention has been given 
to testing for and understanding vulnerability of tropical taxa to climate change (Deutsch et 
al. 2008; Huey et al. 2009), with various studies focusing on geographic range size and niche 
breadth shifts (Pither 2003; McCain 2009; Pincheira-Donoso 2011; Slatyer et al. 2013; Saupe 
et al. 2015), as well as using phylogeographic analyses to explore shifts in geographic range 
and population size in response to late Quaternary climatic fluctuations (Reid et al. 2006; 
Rodríguez-Robles et al. 2010; Prates et al. 2016).  
Here we compare scales of phylogeographic structure and spatial expansions between 
a narrowly distributed tropical specialist species of rainbow skink and its widely distributed 
sister taxon using sequences of mitochondrial DNA (mtDNA) and ~2500 nuclear loci 
obtained via targeted exon capture (Bragg et al. 2015).  Such phylogeographic comparisons 
of closely related, but ecologically distinct taxa can be highly informative, as other aspects 
of their biology can be expected to be similar (e.g. Bell et al. 2007; Moussalli et al. 2009). All 
else being equal, geographically widespread species are more likely to have internal 
phylogeographic structure as their ranges span multiple biogeographic barriers (Brown et al. 
1996; Irwin 2002). However, climatic or habitat specialization will increase sensitivity to past 
climate change, so that even narrowly distributed species can comprise multiple 
independently evolving lineages across their range and show more fine scale structure where 
their ranges overlap with widespread generalists (e.g. Moussalli et al. 2009; Bell et al. 2010). 
The rainbow skinks, genus Carlia, are one of the most speciose groups of skinks in Australia, 
with most species distributed across northern Australia (Greer et al. 1989; Cogger 2000). 
This genus has been the subject of comparative studies of speciation and morphological 
evolution (Phillips et al. 2004; Dolman & Hugall 2008; Dolman & Stuart-Fox 2009; Singhal & 
Moritz 2012), thermal ecology (Vickers et al. 2011; Goodman et al. 2013; Pintor et al. 2016) 
and reproductive ecology (James & Shine 1985). Previous phylogeographic analyses of 
widespread taxa from the monsoonal tropics (Potter et al. 2016) and rainforest taxa from 
northeast Australia (Dolman & Moritz 2006) have demonstrated strong responses to past 
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climatic change. However, we still know little about how sympatric and closely related 
species, with different niche breadths, responded to late Quaternary climatic change. 
We focus on Carlia johnstonei and C. triacantha; sister species that diverged ~ 8 MYA 
(Dolman & Hugall 2008) and which show contrasting distributions in geographic and climatic 
space (Fig. 2.1). C. johnstonei is restricted to the relatively wet (>750mm annual rainfall) 
tropical northwest of Australia, where it is the only species of Carlia endemic to the Kimberley 
region. By contrast, C. triacantha extends well into the arid zone as well as having a broad 
distribution across the Australian Monsoonal Tropics (AMT). These differences in geographic 
range are mirrored in climate space, with C. johnstonei occupying a small subset of the 
climatic range (precipitation and temperature, Fig. 2.1C) of C. triacantha. Although little is 
known about their ecology and behavior, field guides and observations indicate these two 
leaf-litter species have different habitat preferences, with C. johnstonei occurring mostly in 
tropical woodlands and relatively mesic microenvironments in gullies and bordering creeks 
(and deeper gorges towards the drier end of their distribution), while C. triacantha forages 
among litter and spinifex mainly on broken stony ground (Cogger 2014; Silva et al., 
unpublished observations). The closest related species, C. amax, occurs across the AMT with 
geographic and climatic breadth intermediate between the target species, and with multiple 
phylogeographic lineages (Potter et al. 2016).  
The two target species overlap broadly in the remote Kimberley region of northwest 
Australia, allowing us to test directly how climatic niche breadth may influence demographic 
history where species likely have experienced the same climatic fluctuations. The Kimberley 
is a geologically and topographically complex region (Braby 2008; Pepper & Scott Keogh 
2014) and experienced strong fluctuations in aridity with changing strength of the Asian 
Monsoon especially in the early Holocene (Bowman et al. 2010; Reeves et al. 2013; Field et 
al. 2017). Recent surveys and studies of the previously poorly known fauna have highlighted 
high endemism in the mesic west Kimberley (Köhler 2010; Morgan et al. 2011; Andersen et 
al. 2014; Maddock et al. 2015), and deep phylogeographic structure in Kimberley 
populations of widespread taxa (Oliver et al. 2010; Smith et al. 2011; Potter et al. 2012; 
Catullo & Scott Keogh 2014; Moritz et al. 2016; Westerman et al. 2017).   
Using broad geographic and genomic sampling of the target species, we robustly 
identify major intraspecific lineages and estimate their divergence histories, examine spatial 
structuring within lineages and investigate their late Quaternary population dynamics. Our 
main focus is on comparing species’ responses to the most recent (e.g. Holocene) episodes 
of major climate change. Based on observed differences in geographic and climatic ranges, 
we expect that the tropical specialist, C. johnstonei, will have finer-scale phylogeographic 
structure than the widespread climate generalist sister species, C. triacantha, especially 
where their ranges overlap in the Kimberley. As well, we expect to infer recent spatial 
expansion within the specialist, reflecting the stronger demographic fluctuations of a species 
more sensitive to climate change.  
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2.2! Materials and Methods 
2.2.1! Sampling and laboratory procedures 
We obtained most samples from field expeditions in northern and central Australia, and 
supplemented these with tissues that were available from museum collections (Museum and 
Art Gallery of the Northern Territory, South Australian Museum, Museum Victoria and 
Western Australian Museum), to cover the geographic ranges of the studied species (Fig. 1). 
Using the salting out method of Sunnucks & Hales (1996), we extracted DNA from a total of 
162 and 175 samples for C. triacantha and C. johnstonei, respectively. Two individuals of C. 
amax, the closest taxon to the C. triacantha - C. johnstonei clade, were used as outgroup 
samples for phylogenetic analysis and to polarize single nucleotide polymorphisms (SNPs).  
We amplified and sequenced the mtDNA gene ND4 using the PCR primers (5’-3’): ND4 
light - CACCTATGACTACCAAAAGCTCATGTAGAAGC (Arevalo et al. 1994); Leu3 heavy - 
GAATTAGCAGTTCTTTRTG (Stuart-Fox et al. 2002), and the protocol described in Potter et 
Figure 2.1 Geographic distribution of samples and environmental ranges of (A) the Kimberley restricted trop-
ical specialist Carlia johnstonei and (B) of the widespread generalist Carlia triacantha on aridity surface 
(Williams et al. 2010). Circles correspond to samples sequenced for ND4 and triangles to the subset of sam-
ples sequenced with the exon capture method. WA, NT, and QLD correspond to Western Australia, Northern 
Territory and Queensland states; AMT - Australian Monsoonal Tropics and AZ – Arid Zone; TE – Top End. (C) 
Plot of mean annual precipitation with mean annual temperature (Williams et al. 2010) for both species known 
locations, showing the difference in climatic niche breadth between C. johnstonei (blue dots) and C. triacantha 
(green dots). 
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al. (2016). The sequences were edited and aligned in Geneious v.7.1.8 (http://www.gene-
ious.com, Kearse et al. 2012), yielding a final alignment of 722 bp. Sequences are available 
at NCBI GenBank with accession numbers MF083173 - MF083508. 
For exon capture, we selected a subset of 51 samples (Table 2.1) to represent all iden-
tified mtDNA lineages, and to span the geographic distribution of each of these lineages. 
We used a custom, in-solution, exon capture approach (SeqCap EZ Developer Library; Roche 
NimbleGen). Target probes were designed from multiple transcriptomes of Carlia and re-
lated genera, as described in Bragg et al. (2015). We prepared genomic libraries following 
the protocol of Meyer & Kircher (2010) with modifications as in Bi et al. (2012), and we pooled 
all 51 barcoded libraries in equimolar amounts and hybridized in one sequence capture re-
action. The hybridization reaction was executed as in Potter et al. (2016) where, after two 
independent enrichment PCRs of post-capture libraries (17 cycles), we tested enrichment 
efficiency by qPCR. We then sequenced the pooled post-capture libraries on a single Illu-
mina HiSeq2000 (100-bp paired-end) lane at the Biomolecular Resource Facility, Australian 
National University. The raw Illumina reads are archived in the NCBI Short Read Archive, 
Project ID PRJNA289283, Sample IDs SAMN06927808 - SAMN06927858.  
  
2.2.2! Bioinformatic processing of exon capture data 
Illumina sequencing reads were trimmed and cleaned using a workflow developed by 
Singhal (2013, https://github.com/MVZSEQ). The assembly and mapping of exon targets 
was performed using a workflow described in Bragg et al. (2015). In brief, we performed an 
‘exon-specific assembly’ for each individual sample. This involved first identifying the 
sequencing reads with homology to each exon using blastx (Altschul et al. 1990), and then 
conducting a de novo assembly of those reads. Initial assembly was done using VELVET v.3 
(Zerbino & Birney 2008) with a range of K values (K = 31, 41, 51, 61, 71, and 81). The contigs 
produced by the VELVET assemblies with different K values were then pooled and 
assembled using CAP3 (Huang & Madan 1999). Exonic regions of the resulting contigs were 
extracted using EXONERATE v.2.2.0 (Slater et al. 2005). Next, we mapped reads from each 
sample to the assembled exons using Bowtie2 v.2.2.2 (Langmead & Salzberg 2012). The 
resulting SAM files were converted to BAM format using SAMtools v.0.1.19 (Li et al. 2009), 
and read group information was added using Picard v.1.10 (http://picard.sourceforge.net/). 
We then used GATK v.2.8 (McKenna et al. 2010) to identify heterozygous sites, and we 
inserted ambiguity codes at appropriate sites in the contig sequence as in Bragg et al. (2015).   
The exonic sequences were then aligned and checked for quality using the EAPhy 
pipeline (Blom 2015; https://github.com/MozesBlom/EAPhy). This pipeline uses MUSCLE 
v.3.8.31 (Edgar 2004) to align sequences within each locus, performs checks to ensure 
coding of amino acids, removes missing data from the ends of the sequences, and exports 
data into FASTA format allowing for missing data (here ranging from 0-10%). Data were 
output as either a concatenation of all loci (only alignments longer than 150 bp), or just one 
randomly selected SNP from each locus. We excluded SNPs for which the minor allele was 
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present in only one copy (singletons), to ensure that SNPs were informative for structure and 
demographic analyses and to minimize any remaining false SNPs.  
Scripts and processed data are available from the Dryad Digital 
Repository: http://dx.doi.org/10.5061/dryad.jj1tt. 
 
2.2.3! Phylogenetic analysis and species tree estimation 
We estimated the mtDNA gene tree and the nuclear species tree to explore 
phylogenetic structure and investigate lineage diversity, before proceeding to analyses of 
genetic diversity and population structure within each identified lineage.  
PartitionFinder v.1.1.1 (Lanfear et al. 2012) was used separately for both ND4 and the 
concatenated exon capture (allowing 10% individuals as missing data) datasets to select the 
best-fit partitioning scheme considering partition defined by codon position for each locus. 
We used the greedy algorithm for mtDNA and the strict hierarchical clustering algorithm for 
the nuclear dataset, with the model set for RAxML and the Bayesian information criterion 
(BIC) for model selection in both datasets. The model selected for both datasets was 
GTR+G+I. 
Maximum likelihood (ML) analyses of both datasets were performed using RAxML 
v.8.0.2 (Stamatakis 2014) with the same settings. Analyses were done using a random start-
ing tree and rapid bootstrap, with clade support estimated via 1,000 bootstrap pseudorepli-
cates and tree searches from 100 different starting trees. 
Taking a representative subset of 20 samples (five per major lineage, and selected so 
that they represent the diversity within each major lineage) from the exon capture dataset, 
we used ASTRAL-II v.4.7.6 (Mirarab & Warnow, 2015) to estimate a species tree based on 
1643 loci, each with 200bp or longer. This method finds the species tree topology that 
agrees with the largest number of quartet trees induced by the set of gene trees (Mirarab 
et al. 2014). Each gene tree was estimated with RAxML, choosing the best tree from 10 runs 
and conducting 100 bootstrap pseudoreplicates to be used for multi-locus bootstrapping.  
 
2.2.4! Divergence history of major lineages  
To infer divergence history among the major lineages within each species, we applied 
∂a∂i (v. 1.70, Gutenkunst et al. 2009) which uses a diffusion approximation to fit a likelihood 
model for demographic history to the two-dimensional-site frequency spectrum (2D-SFS). 
To achieve a balanced design we used the same samples as for the ASTRAL species tree 
analyses (i.e. five individuals per lineage), with one randomly selected SNP per locus polar-
ized relative to sequence data from C. amax. Specifically, we tested whether an isolation 
with asymmetric migration model is better supported than a strict isolation model to de-
scribe lineage divergences. We performed 50 independent runs with multiple sets of initial 
parameters, and for model selection we calculated AIC (Akaike Information Criterion) from 
the run with the best likelihood. The parameters estimated within each species analysis were 
ancestral effective population size, the effective population size of each daughter lineage, 
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the time at which the populations split and, for the isolation with migration model, asym-
metric migration rates between daughter lineages. To convert parameter estimates from 
coalescent to absolute units, we assumed a generation time of one year and an exonic mu-
tation rate of 9 x 10-10 as in Singhal & Moritz (2013). 
  
2.2.5! Genetic structure and demographic history within lineages 
We assessed spatial structuring of genetic diversity within each of the major lineages, 
where sample sizes were adequate (n > 10). To maximize the number of loci recovered with 
high completeness across samples, we rerun the EAPHY separately for each lineage. All anal-
yses to identify spatial clusters were done using one randomly selected SNP from each locus, 
to avoid bias due to physical linkage, and only SNPs with data for all individuals, so that 
missing data would not bias results (Patterson et al. 2006).  
To identify spatial genetic clusters, we performed an exploratory analysis using a prin-
cipal coordinate analysis (PCoA) based on Euclidean genetic distances in the package Ade4 
(Dray & Dufour 2007) in R version 3.1 (R Core Team 2014). We also used the software STRUC-
TURE (v.2.3.4, Pritchard et al. 2000) to confirm the same clusters and to estimate the level of 
admixture within individuals. This analysis was performed using the admixture and independ-
ent allele frequencies models, and 10 runs for each value of K between 1 and 5, with a burn-
in of 100,000 iterations followed by sampling for 1,000,000 generations. To estimate the 
most likely K we used the Evanno method (Evanno et al. 2005) in StructureHarvester 
(v.0.6.94, Earl & VonHoldt 2011). For spatially-explicit analyses, we used the Bayesian assign-
ment program GENELAND (Guillot et al. 2005a; b) and SPACEMIX (v.0.13, Bradburd et al. 2016). 
Whereas GENELAND uses genetic and geographic information to estimate the most likely 
number of clusters and their spatial organization, SPACEMIX estimates allele frequency covar-
iances associated with geography and identifies admixture between populations. We con-
ducted five runs in GENELAND to get independent estimates of K (number of populations) 
and to confirm convergence of the Markov chain Monte Carlo (MCMC) algorithm. Each run 
was performed using the following parameters: uncorrelated allele frequency model, K be-
tween 1 and 5, 104 MCMC iterations, thinning interval of 100, and 10 km of uncertainty in 
the spatial coordinates. In the SPACEMIX analysis, we used the ‘source and target’ as the long 
model option, ‘counts’ as the data type and the analysis was run for 107 generations with a 
thinning of 1x104. 
 Genetic diversity indices and neutrality tests (Tajima’s D – Tajima 1989; Fu’s Fs – Fu 
1997) for mitochondrial lineages and nuclear lineages and spatial clusters were computed in 
DnaSP v5.10.1 (Librado & Rozas 2009) and in the R package PEGAS (Paradis 2010), respec-
tively. For the nuclear data, we calculated the mean values of the summary and test statistics 
across loci.  
To test for recent (i.e. Holocene) spatial expansion, we used the nuclear dataset and 
an explicit spatial approach described by Peter & Slatkin (2013) to test lineages with > 10 
individuals for population expansion vs. a null model of equilibrium isolation-by-distance. 
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This method uses skew of the site frequency spectrum to compare equilibrium expected by 
an isolation-by-distance model against a model in which populations expand on a step-
ping stone model from a single local population in the recent past. Given evidence of ex-
pansion, it measures the strength of the founder effect during the expansion, measured as 
the effective founder distance: the deme size for which the effective population size during 
the founder event is reduced by 1%. A low effective founder distance therefore suggests a 
strong founder effect (Peter & Slatkin 2013). When applying the method, we again used C. 
amax as outgroup to estimate the derived states of the SNPs.  
As tests for population size change within lineages can be confounded by past gene 
flow between lineages (Gattepaille et al. 2013), we also used coalescent simulations in 
FASTSIMCOAL2 (v.2.5.2.21, Excoffier et al. 2013) and the unfolded 2D-SFS obtained by ∂a∂i, 
to explore alternative models of divergence and demographic histories (Figure S5). In par-
ticular, when allowing for gene flow among lineages, we aimed to contrast models with 
gradual vs. abrupt changes in population size.  As for the ∂a∂i analyses, we compared models 
with (IM) and without (SI) gene flow, and within each of these, models with a discrete episode 
of population size change (IM!N, SI!N) vs. constant population size (IM, SI). For the IM 
model, we also compared models with discrete vs. continuous population size change. We 
focused on model selection rather than parameter estimation as the former was much more 
robust across independent simulations. For each model, we performed 50 independent runs 
(10-40 ECM cycles, 1,000,000 simulations per run), chose the run with the highest likelihood 
for each model, and used AIC for model selection. Given the observed preference for mod-
els with discrete change in population size (see results), we then explored models allowing 
only recent (<10,000 yr) population changes, to reflect expected responses to strong fluctu-
ations in precipitation from the early Holocene (Denniston et al. 2013; Field et al. 2017).  
 
2.3! Results 
2.3.1! Mitochondrial DNA phylogeographic patterns 
The mtDNA gene tree recovered six well supported lineages (Figs. 2A and S1) with 
net pairwise divergences ranging from 8% to 18% (Table S1). However, relationships be-
tween some of these lineages were unresolved. Individuals morphologically identified as C. 
johnstonei are represented by four strongly supported lineages, forming two divergent 
clades that are paraphyletic with respect to C. triacantha. The lineages Johnstonei A1, A2 
and A3, have adjacent distributions in the northwest, northeast and southwest Kimberley, 
respectively. Within Johnstonei A1, there is an additional north-south phylogeographic 
break (A1 - N and S) coincident with the Roe River (Figs. 2A and 2C).  Johnstonei B is highly 
divergent from any of the other three conspecific lineages (net divergence >15%; Table S1) 
and is restricted to the islands of the northwest Kimberley (Fig. 2.2C). 
Specimens identified morphologically as C. triacantha belong to two widespread and 
geographically overlapping lineages - Triacantha A and Triacantha B - with net divergence 
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of ~9% (Fig. 2.2A; Table S2.1). Triacantha A corresponds to the nominal C. triacantha and is 
distributed from western Queensland, across much of the Northern Territory (NT) to the 
Pilbara in the west (Fig. 2.2D); within this lineage the samples from the mesic northern Top 
End of the NT are separated both spatially and phylogenetically from those across the arid 
zone to the south (‘mesic’ vs. ‘arid’ lineages; Fig. 2.2A and 2.2D). The second major lineage, 
Triacantha B, is distributed across the Kimberley and has scattered records eastwards in the 
NT; no further phylogeographic structure was evident within this lineage. 
 
 
2.3.2! Nuclear phylogeography and divergence histories  
The exon capture and sequencing yielded a mean coverage of 40.6x per sample 
(min=10.70; max=94.89) across an average of 2816 loci per sample (min=1388; max=2961; 
Table S2.2). The dataset with the two outgroup samples and allowing for 10% missing indi-
viduals contained 2423 loci, whereas for no missing data only 480 loci were recovered 
(mostly due to two lower quality samples, see Table S2.2). All phylogenetic analyses were 
Figure 2.2 Phylogenetic results and geographic distribution of mtDNA and nDNA lineages of Carlia john-
stonei and Carlia triacantha. Top: A) mtDNA ND4 RAxML tree; B) nDNA EC RAxML tree. Black circles 
represent bootstrap values higher than 70% and black circles with red contour indicate 100% support in 
the ASTRAL species tree for the major nuclear lineages. Bottom: C) Distribution map of the major mtDNA 
lineages within Carlia johnstonei in the Kimberley; D) Distribution map of the major mtDNA lineages within 
C. triacantha. The shaded areas (blue, yellow, green and purple) correspond to the four major lineages in 
the nDNA tree. The star and the dashed line (Roe river) signal the north-south mtDNA split within John-
stonei A1, the diamond indicates the Augustus and Jungulu islands and the arrow points to a cytonuclear 
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done with the dataset allowing for 10% missing individuals, corresponding to a final concat-
enated alignment of 835,042 bp with 33,597 segregating sites (excluding singletons). 
In contrast to the mtDNA phylogeny, the concatenated RAxML phylogenetic tree and 
the ASTRAL species tree confirmed the reciprocal monophyly of C. johnstonei and C. tria-
cantha (Fig. 2.2B). Otherwise, the exon data confirmed the phylogenetic separation between 
the northwestern Kimberley island endemic, Johnstonei B, and the remaining samples (John-
stonei A). Notably, the net nuclear DNA (nDNA) divergence between Johnstonei A and B 
(0.00123, Table S2.3) is higher than that between Johnstonei A and C. triacantha (0.00087; 
Table S2.3). Within Johnstonei A, the exon data support the phylogenetic distinctiveness of 
the mtDNA lineages identified above, but also highlight the distinctiveness of samples from 
central Kimberley islands (Augustus and Jungulu islands; Fig. 2.2C) that for mtDNA were 
included in the A1(S) lineage.  Within C. triacantha, the exon-based phylogeny also recovers 
the Triacantha A and Triacantha B mtDNA clades (Fig. 2.2A), although one geographically 
intermediate individual has Triacantha B mtDNA with Triacantha A nuclear genome (indi-
cated by arrow in Fig. 2.2D). Further, strong support was found for the mesic-arid split within 
Triacantha A lineage, but for the nDNA the location of the break was further north than for 
mtDNA (Fig. S2.2).  
Results from the ∂a∂i analyses (Table S2.4) strongly supported a model of isolation-
with-migration over strict isolation for the two major lineages of C. johnstonei (IM AIC = 
2219.63 << SI AIC = 2871.44) and weakly supported the same result for C. triacantha (IM 
AIC = 710.28 < SI AIC = 714.20). However, all estimated migration rates were low (Nm << 
1). Estimated average population size for the island endemic Johnstonei B is five-fold smaller 
than for Johnstonei A, while population sizes for Triacantha A and B are more similar to each 
other. Regarding divergence times, the split within C. johnstonei is older than the split within 
C. triacantha. Absolute divergence times among lineages were estimated at the late Mio-
cene (~5.6 MYA) within C. johnstonei and at the late Pliocene (~2.2 MYA) within C. triacan-
tha, and are broadly consistent with estimates from mtDNA. Thus, all evidence points to pre-
Pleistocene divergences among major intraspecific lineages, substantially predating the late 
Quaternary population fluctuations inferred from the demographic analyses (see below).  
 
2.3.3! Genetic structure and diversity 
 To further investigate spatial structure within the major nDNA lineages identified, we 
applied clustering algorithms to the SNP data for each lineage. Here we present the results 
for GENELAND and SPACEMIX (Fig. 2.3), while PCoA and STRUCTURE results are shown in sup-
plementary material (Fig. S2.3). Only the Johnstonei A (n=20), Triacantha A (n=10) and Tria-
cantha B (n=16) clades were considered, as sample size for Johnstonei B lineage (n=5) was 
not adequate for such analyses. These SNP-based analyses support three genetic groups 
within Johnstonei A: Johnstonei A2 from the northeast Kimberley, samples from the Jungulu 
and Augustus Islands (off the central Kimberley coast), and the remaining Johnstonei A1 
samples. Though GENELAND combined the first two at (the best) K of 2, they were clearly 
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separated in SPACEMIX (Fig. 2.3) and in the PCoA (Fig. S2.3). In C. triacantha, GENELAND and 
SPACEMIX agreed in supporting two distinct genetic groups within both Triacantha B and 
Triacantha A (Fig. 2.3), the latter being consistent with the phylogenetic analysis (Fig. 2.2B). 
No admixture among groups was detected by SPACEMIX in any of the two species.  
Clustering using STRUCTURE identified admixture between a northern and a southern 
cluster within Johnstonei A1 (Fig. S3), with the clusters being similar to the split observed in 
both mtDNA and nDNA phylogenetic analyses (Fig. 2.2). For Triacantha A and B, STRUCTURE 
Figure 2.3 Spatial clustering analyses of the nDNA lineages Johnstonei A, Triacantha A and Triacantha B. On 
the left side are GENELAND heat maps of posterior probability of belonging to cluster one, and on the right 
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results were consistent with those from the other genetic structure analyses, and did not 
show evidence of admixture within any of the two lineages.  A key finding in both phyloge-
netic and spatial structure analyses is that, where they overlap in the Kimberley, C. johnstonei 
has strong phylogeographic structure, whereas C. triacantha (B) does not. The precipitation 
with temperature plot (Fig. S2.4) comparing C. johnstonei with just the newly discovered 
Triacantha B lineage shows that the latter lineage also has a broader niche breadth than C. 
johnstonei.  
 To compare levels of genetic diversity, we focused only on the four major nuclear 
clades due to sample size limitations. For both mtDNA and nDNA, diversity within John-
stonei B was low (<1%; Tables 2.1, S2.1 and S2.4), which most likely reflects the small insular 
range of this lineage and lower effective population size inferred from demographic anal-
yses. Johnstonei A had higher overall diversity across exons than the geographically over-
lapping Triacantha B, as estimated from the number of segregating sites (θS) or nucleotide 
diversity (π) (Table 2.1).  In all lineages, θS was higher than π, but this difference was greater 
in Johnstonei A and Triacantha B, and average Tajima’s D values were more negative for 
Johnstonei A and B. Differences in genetic diversity between lineages were apparently not 
due to the different number of loci considered, since an analysis using the dataset without 
missing data (480 exons for all samples/lineages) yielded qualitatively similar results (data 
not shown).  
 
2.3.4! Demographic analyses  
The Peter & Slatkin (2013) test for spatial range expansion detected a strong and sig-
nificant deviation from an isolation-by-distance equilibrium in Johnstonei A, but not in either 
lineage of C. triacantha (Table S2.5). The most likely origin of the Johnstonei A expansion is 
in the north central Kimberley, with an east-west gradient of likelihood possibly reflecting 
the direction of expansion towards the Kimberley islands (Fig. 2.4). The inferred origin is 
proximal to the distinct lineage Johnstonei A2. To test whether the divergence of this group 
within the Johnstonei A clade could have distorted the results, we reran the analysis exclud-
ing the Johnstonei A2 samples – there was no substantial change to the results (Table S2.5) 
or to overall levels of genetic diversity (Table S2.6). 
Table 2.1 Genetic diversity indices for each of the main lineages identified in the exon capture phyloge-
netic tree. Given are sample size (n), number of loci studied, average locus size in base pairs (bp), average 
theta per site from segregating sites (θS), average nucleotide diversity (π), and average Tajima’s D per 
EC lineages n Number of loci bp θS π Tajima's D 
Triacantha A 10 892 479.18 0.00379 0.00172 -2.084 
Triacantha B 16 1180 526.47 0.00328 0.00096 -2.158 
Johnstonei A 20 2048 442.20 0.00551 0.00165 -2.245 
Johnstonei B 5 2496 460.49 0.00081 0.00048 -2.505 
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The FASTSIMCOAL2 analyses 
strongly and consistently supported 
models with a combination of migra-
tion and population size change for 
both species (Table 2.2; Figure S2.5). 
Further, these analyses supported 
models of discrete over gradual popu-
lation size changes (with AIC model 
weights > 0.99). To compare the re-
sponses of the two species to the most 
recent (Holocene) strong climate fluctu-
ations in the Kimberley (i.e. Johnstonei 
A and Triacantha B lineages), we com-
pared models with discrete population 
changes allowed in only the last 10,000 
years. Though slightly less likely than 
the unbounded discrete-change mod-
els, they were consistent with the re-
sults of the spatial expansion tests in supporting recent population expansion for Johnstonei 
A, whereas Triacantha B appears to have contracted over the same time period (Table 2.2).   
Figure 2.4 Inferred range expansions map for the nDNA 
lineage Johnstonei A. Samples are represented by filled cir-
cles. Light/dark circles indicate high/low heterozygosities. 
The most likely origin of the expansion is indicated by an X. 
The yellow shaded area indicates a more likely origin, the 
red area a less likely origin and the grey area infers regions 
where the founder effect is negative, and are therefore un-
likely to be the source of the expansion.   
Table 2.2 AIC model selection results for FASTSIMCOAL2 analyses. For each species (Sp), the best model 
is highlighted in italic and the best bounded model for population size change within the last 10,000 years 














Strict Isolation (SI) -4983.35 4 22957.18 0 
Isolation-with-migration (IM) -4920.19 6 22670.29 1.15E-256 
SI with rapid pop. change (SIΔN) -4970.76 8 22907.18 4.18E-308 
IM with gradual pop. change -4822.77 6 22221.68 2.99E-159 
IM with rapid pop. change (IMΔN) -4662.51 10 21491.65 1 
IMΔN with expansion bounded within 
10,000 years 
-4668.19 10 21517.79 2.11E-06 
IMΔN with contraction bounded within 
10,000 years 








Strict Isolation (SI) -4319.03 4 19897.85 5.76E-175 
Isolation-with-migration (IM) -4363.73 6 20107.73 1.53E-220 
SI with rapid pop. change (SIΔN) -4267.20 8 19667.20 7.02E-125 
IM with gradual pop. change -4198.12 6 19345.07 6.25E-55 
IM with rapid pop. change (IMΔN) -4142.18 10 19095.45 1 
IMΔN with expansion bounded within 
10,000 years 
-4146.83 10 19116.86 2.24E-05 
IMΔN with contraction bounded within 
10,000 years 
-4143.25 10 19100.37 0.085 
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2.4! Discussion  
Recent phylogeographic analyses of low dispersal terrestrial vertebrates across the 
AMT and arid zone have repeatedly revealed deep phylogeographic structure (e.g. Oliver 
et al. 2010; Potter et al. 2016; Moritz et al. 2016), as we observe here for the widespread C. 
triacantha and its Kimberley-restricted relative, C. johnstonei. Before considering the evi-
dence relating to our hypothesis – that the tropical specialist was more sensitive to past 
climatic change - we first discuss the evidence for multiple lineages within each species in 
the context of the Kimberley and broader biogeography. 
 
2.4.1! Cryptic lineages 
The molecular evidence supports the presence of two deeply divergent lineages in 
each of C. johnstonei and C. triacantha. The lineage Johnstonei B is an important new dis-
covery for the region as it is endemic to a set of pristine islands off the northwest Kimberley, 
which have high conservation value (Gibson & McKenzie 2012). Currently, the Johnstonei B 
lineage occurs in the Bonaparte Archipelago with confirmed occurrences on the Fenelon, 
Corneille, East Montalivet, West Montalivet, Don, Berthier, North Maret and South Maret 
islands, whereas Johnstonei A occurs on other Kimberley islands and the adjacent mainland 
(Fig. 2.1). As expected given its restricted and insular distribution, diversity and population 
size for Johnstonei B were much lower than for Johnstonei A. The islands in which Johnstonei 
B occurs are ‘land-bridge islands,’ most recently isolated by sea level rise approximately 
8,000 to 12,000 years ago (Nix & Kalma 1972), and share much of their species diversity with 
the mainland Kimberley (Gibson 2014). The high genetic divergence, corresponding to an 
estimated late Miocene separation, between Johnstonei A and Johnstonei B contrasts with 
the low divergence among island and mainland populations in other skinks sampled across 
the same region (within Johnstonei A and Triacantha B, and also Ctenotus inornatus; 
Harradine et al. 2015). This unexpected pattern of old lineages isolated on young ‘land-
bridge islands,’ has also been observed in the islands off the Top End to the east for the 
ecologically similar C. amax (Potter et al. 2016) and the gecko Heteronotia binoei (Moritz et 
al. 2016), such that these islands constitute a hotspot of phylogeographic endemism 
(Rosauer et al. 2016). Comparisons of populations of insects (Francisco et al. 2016) and frogs 
(Bell et al. 2012) on land-bridge islands with nearby mainland sites in Brazil have also revealed 
deeper divergences than expected from recent sea level rise, possibly due to intensification 
of pre-existing genetic differentiation by sea level incursions (Bell et al. 2012). Hawlitschek 
et al. (2016) also recently found a gecko lineage much older than the estimated geological 
island age where it occurs. 
Within C. triacantha, we identified two major lineages that diverged in the late Pliocene 
or early Pleistocene. The Triacantha B lineage extends from the Kimberley eastwards to the 
savanna grasslands on the NT/Queensland border, and in the NT overlaps the range of the 
nominal Triacantha A lineage (mesic Top End and arid zone).  By contrast, in other species 
from the AMT, deep phylogeographic structure typically occurs between the mesic AMT and 
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the arid zone to the south (Fujita et al. 2010; Melville et al. 2011; Marin et al. 2013) or, within 
the AMT, between the Kimberley and Top End (Potter et al. 2012, 2016; Huey et al. 2014; 
Oliver et al. 2014c; Catullo et al. 2014). Unfortunately, samples were not available from the 
mid-north of the NT (Sturt Plains region) to resolve the distributions of Triacantha A and B 
where they overlap (Fig. S2.3).    
 These findings of taxonomically unrecognized diversity in the two Carlia species sup-
port the recent efforts to better document and understand the rich biodiversity of the Kim-
berley and the AMT (e.g. Bowman et al. 2010; Doughty 2011; Köhler 2010; Smith et al. 2011; 
Potter et al. 2012; Palmer et al. 2013; Oliver et al. 2014c), including the National Parks and 
Indigenous Protected Areas (Moritz et al. 2013) and further emphasize the high endemism 
of the mesic western Kimberley. Like other recent applications of molecular data to wide-
spread species complexes of vertebrates (e.g. Potter et al. 2014; Rabosky et al. 2014; Oliver 
et al. 2014a) our observations point to the need to revise the taxonomy of these morpho-
logically similar lineages (Storr 1974), incorporating complementary morphological evidence 
and appropriate species delimitation analyses.  
 
2.4.2! Climate specialist vs. generalist 
The discovery of two major divergent lineages within C. triacantha allows for a more 
geographically matched comparison, now between the largely Kimberley-restricted Triacan-
tha B lineage and the Johnstonei A lineage. As for C. triacantha as a whole, the Triacantha 
B lineage occupies a much broader climatic space across its Kimberley distribution than does 
C. johnstonei (Fig. S2.4). Consistent with our initial expectations, the Johnstonei A lineage 
showed clear phylogeographic structure and evidence of range expansion, the latter sup-
ported by both the spatially explicit test for range expansion and the FASTSIMCOAL2 analyses. 
Within Johnstonei A, strong subdivision was identified between the northeast (lineage John-
stonei A2) and northwest Kimberley - corresponding to distinct sandstone plateaus sepa-
rated by low-lying basalt plains, and also between the mainland and the relatively large Au-
gustus island and nearby Jungulu island (Figs. 2C and 3). By comparison, for Triacantha B in 
the Kimberley, there was no obvious internal phylogeographic structure and there was no 
significant deviation from isolation-by-distance using the spatially explicit test of Peter and 
Slatkin (2013). Though the FASTSIMCOAL2 analyses supported models with a discrete popu-
lation size change sometime in the past for both species, models with size change restricted 
to the recent past indicated opposite responses, with C. johnstonei expanding and C. tria-
cantha contracting. Though we are unable to resolve the exact timing of these events, it is 
possible that they were associated with the early-mid Holocene increase in monsoonal pre-
cipitation which would have favoured the more mesic C. johnstonei.  
Given that the geographically overlapping Johnstonei A and Triacantha B lineages 
have experienced a common history of late Quaternary climatic change, our findings are 
consistent with the more specialized Johnstonei A having responded more strongly to past 
climatic change. In support, a parallel analysis of C. amax, which has climatic niche breadth 
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and range size intermediate between C. johnstonei and C. triacantha, revealed range expan-
sion from the Kimberley towards the western Top End, but no strong phylogeographic struc-
ture within the Kimberley (Potter et al. 2016). An alternative explanation is that the stronger 
geographical structuring across the range of C. johnstonei is simply due to restricted disper-
sal across the geologically complex Kimberley landscape in this mesic habitat-associated 
species (e.g. Pepper et al. 2011; Oliver et al. 2014b). This scenario is plausible for land snails 
of the Kimberley which show extensive short-range endemism of species (Köhler 2010). How-
ever, for C. johnstonei, limited dispersal alone is not consistent with the inferred history of 
spatial expansion of the Johnstonei A lineage.  
Tropical ectotherm species are known for high sensitivity to climate change, but not 
all have the same susceptibility, varying in climatic range and habitat restriction. Most studies 
comparing habitat or resource specialist vs. generalist species have shown stronger genetic 
structure in the specialist species (e.g. Kelley et al. 2000; Brouat et al. 2003; Eberhart-Phillips 
et al. 2015; Dellicour et al. 2015). This suggests that specialist species either have generally 
lower dispersal rates and/or smaller meta-population sizes than generalists, or that they have 
experienced stronger population reductions (Kelley et al. 2000), likely due to past environ-
mental change. Specialists can be potentially more vulnerable to climatic changes largely 
due to intrinsic physiological sensitivity, lower dispersal capacity, or both. 
A similar comparative study in Lampropholis skinks (sister genus to Carlia) from the 
Australian Wet Tropics showed that a montane specialist is more strongly structured than a 
more broadly distributed congener and that populations have persisted in multiple refugia 
through past climatic change (Bell et al. 2010), possibly because of strong plasticity of both 
physiological limits (Llewelyn et al. 2016) and thermoregulatory behaviour (as in other Carlia 
species; Vickers et al. 2011). Experimental studies in Drosophila found that narrowly distrib-
uted tropical species consistently have lower genetic variance for climatic related traits as 
compared with those of widely distributed species (Kellermann et al. 2009). These observa-
tions, together with our results, suggest that specialist species are likely to be constrained 
in their evolutionary responses to future climate changes. For such taxa, we now need to 
move beyond descriptions of climate space and phylogeography to develop physiology-
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Table S2.1 Average number of nucleotide substitutions (Dxy; above diagonal) and number of net 
nucleotide substitutions (Da) per site (below diagonal) between identified mtDNA lineages. Values in 
bold along the diagonal are the average number of nucleotide differences within lineages. Calculated 
with DnaSP (v5.10.1, Librado & Rozas 2009).  
 Triacantha A Triacantha B Johnstonei B Johnstonei A1 Johnstonei A2 Johnstonei A3 
Triacantha A 0.03979 0.14926 0.17727 0.13747 0.13235 0.12059 
Triacantha B 0.09165 0.08845 0.17986 0.14703 0.14809 0.13401 
Johnstonei B 0.15497 0.13775 0.00686 0.18752 0.19028 0.18453 
Johnstonei A1 0.08537 0.07511 0.15091 0.07236 0.15386 0.13932 
Johnstonei A2 0.11047 0.10639 0.18389 0.11766 0.04664 0.13378 
Johnstonei A3 0.08655 0.08015 0.16599 0.09096 0.11565 0.03156 
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Table S2.2 Exon capture sample list with tissue number, location, exon capture (EC) lineages, number of 
reads, mean coverage and number of loci for each sample. For tissue numbers, R refers to the West Australian 
Museum herpetology collection, ABTC to the Australian Biological Tissue Collection at the South Australian 
Museum, and CCM to the Moritz lab collection at The Australian National University.  
*Samples used in ASTRAL and FASTSIMCOAL2 analyses. 




for each sample 
Number of 
loci 
AS01_indexing1 R117946 -14.137778 125.698611 Triacantha_B 972321 14.11 2323 
AS01_indexing2 R158008 -16.148611 123.779444 Triacantha_B 2006372 42.25 2933 
AS01_indexing3 R168462 -13.883333 126.566667 Triacantha_B 2312358 25.91 2772 
AS01_indexing4 R171912 -16.2225 123.449722 Triacantha_B 751329 10.70 1556 
AS01_indexing5* ABTC29851 -15.970833 129.040278 Triacantha_B 3325552 55.59 2946 
AS01_indexing6* ABTC61613 -15.000000 129.583300 Triacantha_A 1758912 29.62 2905 
AS01_indexing7* CCM1130 -14.781100 126.634900 Triacantha_B 2864826 53.87 2951 
AS01_indexing8 CCM1202 -14.167100 125.733200 Triacantha_B 2027848 35.20 2934 
AS01_indexing9 CCM1235 -17.040670 125.226800 Triacantha_B 2412697 47.20 2933 
AS01_indexing10 CCM1643 -16.171080 125.987630 Triacantha_B 2092954 53.58 2932 
AS01_indexing11 CCM1767 -17.605600 126.041100 Triacantha_B 1256323 23.21 2881 
AS01_indexing12* ABTC28797 -18.600000 136.100000 Triacantha_B 2536031 45.51 2934 
AS01_indexing13* ABTC29531 -18.600000 138.130000 Triacantha_B 2487031 46.80 2934 
AS01_indexing14 R117798 -14.343300 126.020800 Triacantha_B 1277710 26.81 2893 
AS01_indexing15 R146022 -16.683300 123.833300 Triacantha_B 1958205 31.18 2900 
AS01_indexing16* R168590 -14.983333 124.916667 Triacantha_B 3769802 56.94 2941 
AS01_indexing17 R168910 -14.600000 125.116700 Triacantha_B 2538412 40.28 2951 
AS01_indexing18 R117787 -14.380278 125.951111 Johnstonei_A 1953522 30.35 2929 
AS01_indexing19 R158783 -14.601944 125.203889 Johnstonei_A 2439110 40.82 2946 
AS01_indexing20* BP00664 -14.976300 124.913100 Johnstonei_A 2920719 49.35 2947 
AS01_indexing21 R171223 -15.259167 124.799722 Johnstonei_A 1311975 18.19 2717 
AS01_indexing22 R171227 -15.351389 124.526944 Johnstonei_A 1928136 31.54 2932 
AS01_indexing23 R171243 -15.358056 124.996111 Johnstonei_A 1503743 20.92 2843 
AS01_indexing24 R171897 -13.939722 126.173611 Johnstonei_A 1612585 18.70 2567 
AS01_indexing25 CCM0737 -15.198900 125.903500 Johnstonei_A 2580074 50.38 2946 
AS01_indexing26 CCM0762 -15.352200 126.588100 Johnstonei_A 834857 19.86 2816 
AS01_indexing27* CCM1125 -14.780600 126.636900 Johnstonei_A 2312068 62.49 2937 
AS01_indexing28 CCM1196 -14.821100 125.721400 Johnstonei_A 1789957 47.76 2915 
AS01_indexing29* R171237 -15.259722 124.445278 Johnstonei_A 2929753 62.85 2961 
AS01_indexing30 CCM0934 -14.522050 126.461210 Johnstonei_A 4195936 92.25 2937 
AS01_indexing31 R117726 -14.163800 125.679700 Johnstonei_A 3722703 91.23 2944 
AS01_indexing32 R117838 -14.375500 125.989700 Johnstonei_A 1429716 33.11 2922 
AS01_indexing33 R110905 -19.632222 128.875278 Triacantha_A 839914 12.48 1388 
AS01_indexing34* R139010 -19.808333 121.463889 Triacantha_A 2833518 44.78 2937 
AS01_indexing35 R154566 -23.379167 120.105278 Triacantha_A 1377935 17.48 2083 
AS01_indexing36 ABTC113761 -22.385000 139.856389 Triacantha_A 1407970 21.22 2858 
AS01_indexing37 ABTC30066 -11.852222 130.852500 Triacantha_A 1883701 27.83 2920 
AS01_indexing38* ABTC41790 -25.980278 129.463056 Triacantha_A 1766697 25.96 2885 
AS01_indexing39* ABTC29091 -12.670000 132.880000 Triacantha_A 3436297 49.80 2932 
AS01_indexing40 R145556 -20.910000 118.680000 Triacantha_A 1003340 13.88 2262 
AS01_indexing41* CCM1859 -23.583380 134.499420 Triacantha_A 2901820 40.58 2930 
AS01_indexing42* R158583 -14.279444 125.306111 Johnstonei_B 2887971 34.91 2920 
AS01_indexing43* R158657 -14.516667 124.983333 Johnstonei_B 1520389 19.62 2803 
AS01_indexing44* R158705 -14.398333 124.977500 Johnstonei_B 1999583 27.26 2913 
AS01_indexing45* R117953 -14.185800 125.734700 Johnstonei_B 3881197 87.72 2933 
AS01_indexing46* R117967 -14.185500 125.724400 Johnstonei_B 5322885 89.91 2947 
AS01_indexing47* R173481 -14.608592 126.934506 Johnstonei_A 4405578 79.98 2948 
AS01_indexing48 R173484 -14.608592 126.934506 Johnstonei_A 1777993 27.21 2906 
AS01_indexing50 R171488 -15.991667 125.328333 Johnstonei_A 1770111 24.10 2867 
AS01_indexing51* BP01423 -15.949700 124.561100 Johnstonei_A 3019040 46.00 2935 
AS01_indexing54 CCM0992 -14.880000 126.358530 Johnstonei_A 1746385 22.12 2802 
AS01_indexing55 CCM1046 -15.132800 126.200200 Johnstonei_A 2389877 29.27 2878 
AS01_indexing56 R169980 -16.176667 123.639444 Johnstonei_A 2961107 34.28 2921 
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Table S2.4 Lineage divergence histories summary results for the two tested models. NA and NB correspond 
to population sizes for lineages A and B within both species. NmAB and NmBA correspond to migration rate 
measured by number of migrants. Tau in years was calculated with !=4Nµ, generation time of one year and 
mutation rate of 9x10-10 as in Singhal and Moritz (2013). Fst obtained from 2D-SFS in ∂a∂i. 
  C. johnstonei C. triacantha 







Maximum Log composite 
likelihood -621.79 -479.382 -353.10 -349.142 
Ancestral theta 289.85 134.002 204.02 233.946 
Best-fit parameters 
NA 1.320 2.551 1.884 1.438 
NB 0.473 0.496 1.329 1.079 
Tau 1.220 4.993 1.197 1.075 
NmAB  0.008  0.086 
NmBA  0.128  0.001 
Tau (years)  5.62E+06  2.22E+06 
Total sequence length* 66179 62846 
Fst 0.51 0.37 
* Proportion of total sequence length accounting for subsampling one SNP per locus  
 
Table S2.3 Estimates of net evolutionary divergence of sampled exons between species and lineages. Stand-
ard error estimates are shown above the diagonal. Values obtained using the concatenated dataset (175,244 
positions considered) and MEGA7 (Kumar, Stecher, and Tamura 2016).  
 C. triacantha Johnstonei A Johnstonei B  
C. triacantha 4.00E-05 6.00E-05  
Johnstonei A 0.00087  5.00E-05  
Johnstonei B 0.00114 0.00123   
     
 Triacantha A Triacantha B Johnstonei A Johnstonei B 
Triacantha A  2.00E-05 3.00E-05 5.00E-05 
Triacantha B 0.00026  4.00E-05 6.00E-05 
Johnstonei A 0.00093 0.00094  5.00E-05 
Johnstonei B 0.00122 0.00119 0.00123  
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Table S2.5 Results of the range expansion analysis for three main nuclear lineages and Johnstonei A exclud-
ing individuals from Johnstonei A2. Given for each lineage are the latitude and longitude of the inferred origin 
of the expansion, founder distance (d1), r2 of the regression of psi vs. difference in distance from origin, and 
Bonferroni-corrected P-value (P). 
 Triacantha A Triacantha B Johnstonei A Johnstonei A without A2 
Longitude 125.3673 138.13 126.5877 126.6369 
Latitude -14.77527 -18.6 -14.86535 -14.78822 
d1 13.279 85.248 1.919 1.895 
r2 0.258 0.000 0.428 0.446 
P 2.208 3269.062 1.92E-18 2.47E-17 
 
Table S2.6 Genetic diversity indices for the EC lineage Johnstonei A with and without identified groups. 
Given are sample size (n), number of loci studied, average locus size in base pairs (bp), average theta per site 
from segregating sites (θS), average nucleotide diversity (π), and average Tajima’s D per locus. 
EC lineages n Number of loci bp θS π Tajima's D 
Johnstonei A 20 2048 442.20 0.00551 0.00165 -2.245 
Without Johnstonei A2 18 2066 481.37 0.00523 0.00167 -2.227 
Without Johnstonei A2 
and Jungulu and  
Augustus islands 
16 2074 483.14 0.00487 0.00166 -2.211 
 
Table S2.7 ND4 genetic diversity indices for each lineage identified in the mtDNA phylogenetic tree. n, 
sample size; Hd, haplotype diversity; S, segregating sites; θη, theta per site from η (total number of muta-
tions), π, nucleotide diversity, k, average number of nucleotide differences. None of the Tajima’s D or Fu’s 
Fs values were significant.  
mtDNA Lineages n Hd S θη π k Tajima's D Fu's Fs 
Triacantha A 46 0.986 143 0.040 0.038 25.279 -0.809 -10.337 
Triacantha A - mesic 9 1.000 97 0.062 0.057 38.028 0.338 -0.349 
Triacantha A - arid 37 0.979 74 0.020 0.020 13.314 -0.913 -10.992 
Triacantha B 116 0.995 213 0.088 0.079 48.421 0.698 -25.602 
Johnstonei A1 100 0.991 206 0.072 0.066 44.148 0.368 -15.175 
Johnstonei A1 - North 83 0.987 159 0.055 0.051 34.414 0.272 -9.525 
Johnstonei A1 - South 17 1.000 117 0.058 0.054 36.132 0.188 -3.256 
Johnstonei B 54 0.928 28 0.007 0.007 4.549 -0.849 -6.317 
Johnstonei A2 6 0.933 48 0.034 0.044 27.4 1.943 2.519 
Johnstonei A3 14 0.912 78 0.032 0.030 20.264 -0.772 2.693 
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 Figure S2.1 mtDNA ND4 maximum likelihood phylogenetic tree of Carlia triacantha and Carlia johnstonei 
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Figure S2.2 Map displaying the cytonu-
clear discordance in the mesic-arid Tria-
cantha A (green shaded area) split. Also 
shown is the sampling gap in the center 
of Northern Territory (NT) where possi-
bly both Triacantha A and Triacantha B 
(purple shaded area) can overlap. 
Figure S2.3 Principal coordinate analysis (PCoA) based on Euclidean genetic distances and STRUCTURE re-

































Figure S2.4 Plot of mean annual precipitation with mean annual temperature (Williams et al. 2010), showing 
the difference in climatic niche breadth between Triacantha B and C. johnstonei (blue dots). This considers 
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Figure S2.5 (A) Isolation-with-migration models tested with FASTSIMCOAL2; (B) boxplots with AIC values from 
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The original work described in this chapter has been published and should be 
referenced as:  
Afonso Silva AC., Santos N., Ogilvie HA., Moritz C. (2017). Validation and description 
of two new north-western Australian Rainbow skinks with multispecies coalescent 
methods and morphology. PeerJ, 5, e3724. 
VALIDATION AND DESCRIPTION OF TWO NEW NORTH-WESTERN AUSTRALIAN 





While methods for genetic species delimitation have noticeably improved in the last 
decade, this remains a work in progress. Ideally, model based approaches should be applied 
and considered jointly with other lines of evidence, primarily morphology and geography, in 
an integrative taxonomy framework. Deep phylogeographic divergences have been re-
ported for several species of Carlia skinks, but only for some eastern taxa have species 
boundaries been formally tested. The present study does this and revises the taxonomy for 
two species from northern Australia, Carlia johnstonei and C. triacantha. 
We introduce an approach that is based on the recently published method Star-
BEAST2, which uses multilocus data to explore the support for alternative species delimita-
tion hypotheses using Bayes Factors (BFD). We apply this method, jointly with two other 
multispecies coalescent methods, using an extensive (from 2163 exons) data set along with 
measures of 11 morphological characters. We use this integrated approach to evaluate two 
new candidate species previously revealed in phylogeographic analyses of rainbow skinks 
(genus Carlia) in Western Australia.  
The results based on BFD StarBEAST2, BFD* SNAPP and BPP genetic delimitation, 
together with morphology, support each of the four recently identified Carlia lineages as 
separate species. The BFD StarBEAST2 approach yielded results highly congruent with those 
from BFD* SNAPP and BPP. This supports use of the robust multilocus multispecies coales-
cent StarBEAST2 method for species delimitation, which does not require a priori resolved 
species or gene trees. 
Compared to the situation in C. triacantha, morphological divergence was greater be-
tween the two lineages within Kimberley endemic C. johnstonei, which also had deeper di-
vergent histories. This congruence supports recognition of two species within C. johnstonei.  
Nevertheless, the combined evidence also supports recognition of two taxa within the more 
widespread C. triacantha. 
With this work, we describe two new species, Carlia insularis sp. nov and Carlia isostria-
cantha sp. nov. in the northwest of Australia. This contributes to increasing recognition that 
this region of tropical Australia has a rich and unique fauna.  
Keywords: Integrative taxonomy, Carlia, Species delimitation, Australia, Multispecies 
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Cryptic species – when two or more distinct species are inaccurately classified under 
one species name (Bickford et al., 2007) - present great challenges for taxonomy and species 
delimitation due to the desirability of validating candidate species using multiple lines of 
evidence (Fujita et al., 2012). But for biodiversity assessment and conservation reasons the 
need to properly describe species diversity is greater than ever (Bickford et al., 2007). In the 
same way, there is a concern that molecular data may promote taxonomic inflation by ‘over 
splitting’ divergent populations into candidate species (Isaac, Mallet & Mace, 2004; Hedin, 
Carlson & Coyle, 2015). The creation of more reliable and robust species delimitation 
approaches in the last decade has attempted to address this concern (Rannala, 2015). 
To more robustly infer species boundaries, the use of integrative taxonomy is 
increasingly common (Bickford et al., 2007; Padial et al., 2010). The objective of this 
approach is to corroborate taxonomic validity with independent, distinct types of evidence. 
Given deep genetic divergence, fixed morphological differences are not necessary to 
diagnose species boundaries since speciation itself does not require phenotypic characters 
to evolve at the same rate as the genome (Leaché & Fujita, 2010). Therefore, in taxa with 
inherently conservative morphology, it may be that the primary evidence for distinct species 
will come from genetic data.  
 Species delimitation consists of two potentially complementary approaches: discovery 
methods that do not require a priori assignment of samples before analysis, and validation 
methods that test hypotheses based on samples already assigned to candidate species (Ence 
& Carstens, 2011). When candidate lineages are already identified, validation approaches 
are more robust because they explicitly model the process of lineage diversification 
(Carstens et al., 2013). This is especially so when there is a substantial number of informative 
genes, independent of those used to suggest candidate taxa.  Model-based multilocus 
approaches that use the multispecies coalescent (MSC) are advantageous because they 
account for coalescent processes when estimating phylogenetic relationships (Edwards et 
al., 2016). And for species delimitation, objective and transparent model-based approaches 
are relevant, because they have the potential to reduce investigator-driven biases (Fujita et 
al., 2012). These methods can consider gene tree incongruence due to incomplete lineage 
sorting, variation in molecular sequences and variation in demographic parameters (Leaché 
& Fujita, 2010). With this in mind, Carstens et al. (2013) recommend the best approach for 
species delimitation is to use multiple methods. Further, Rannala (2015) suggests that this 
should only be done when methods have algorithmically similar assumptions. However, we 
also note that MSC methods can over split – revealing high structured populations (or 
ephemeral species; Rosenblum et al., 2012) – rather than long isolated species, depending 
on the nature of the speciation process (Sukumaran & Knowles, 2017). Hence, species 
delimitation will always be more secure when taxa delimited using genetic methods are 
somehow corroborated by alternative sources of data (Oliver, Keogh & Moritz, 2015). 
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Previous work by Afonso Silva et al. (2017), which focused on understanding how 
phylogeographic structure and history differs between a climatic generalist and specialist, 
found two deeply divergent lineages within each of Carlia johnstonei Storr, 1974 and C. 
triacantha Mitchell, 1953 (Fig. 3.1). These sister taxa (Dolman & Hugall, 2008) have 
contrasting distributions, with the former being endemic to the Kimberley and the latter 
being widespread across northern Australia. The lineages within C. johnstonei are likely 
allopatric, with the nominal lineage (Johnstonei A) being found across the north and western 
Kimberley and the newly identified lineage (Johnstonei B) being endemic to islands off the 
coast of the northwest Kimberley (Fig. 3.1). Conversely, the two lineages of C. triacantha 
likely overlap geographically, with the nominal lineage being widespread across north and 
central Australia (Triacantha A) and the newly identified lineage (Triacantha B) found within 
the Kimberley and scattered locations in the central Northern Territory (Fig. 3.1).  
Species of Carlia from the Australian tropics generally have deep phylogeographic 
structure for both mtDNA and large numbers of exons (e.g. Potter et al., 2016), and, where 
contact zones have been examined in detail, there is evidence of strong reproductive 
isolation between the more deeply divergent (but phenotypically cryptic) lineages (Phillips, 
Baird & Moritz, 2004; Singhal & Moritz, 2013).  However, recent species delimitation and 
taxonomic revisions have focussed more on Carlia from the eastern woodlands and placed 
a greater emphasis on morphology (e.g. Hoskin & Couper, 2012; Hoskin, 2014). There is a 
Figure 3.1 Distribution map with used genetic samples and measured specimens for C. johnstonei (A) and 
for C. triacantha (B) lineages, and lineages relationships (C) as in Afonso Silva et al. (2017). Triangles 
correspond to the genetic samples used in this study while circles correspond to specimens measured. Blue 
Johnstonei A, yellow Johnstonei B, green Triacantha A and purple Triacantha B. Tree obtained with 20 
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need to re-examine the systematics of northern Australian Carlia, and here we have the 
opportunity to exploit large multilocus datasets (Bragg et al., 2015) to do that integrated 
with morphology. This is particularly relevant for Kimberley biodiversity, since there have 
been recent efforts to discover and describe new species (Köhler, 2011; Oliver et al., 2014, 
2016; Andersen et al., 2014; Ellis, 2016) in this still relatively unknown and remote region in 
the northwestern of Australia. 
We reanalyse the extensive multilocus data used in Afonso Silva et al. (2017) using 
robust species delimitation methods, together with morphological analysis to validate 
species hypotheses. Following Rannala (2015), we use three algorithmically similar methods 
to validate potential new species. We apply BPP (Yang & Rannala, 2014) and two approaches 
using Bayes Factors to test species hypotheses: a SNP based approach, BFD* (Leaché et al., 
2014) using SNAPP (Bryant et al., 2012) and a sequence-based approach, BFD with the 
recently developed StarBEAST2 method (Ogilvie, Bouckaert & Drummond, 2017). We 
consider three potential species hypotheses: (i) only the two currently defined species are 
separated; (ii) a three-species hypothesis - two species corresponding to the two more 
deeply divergent lineages of C. johnstonei, but collapsing the less divergent lineages within 
C. triacantha; and (iii) a four-species hypothesis - all four lineages correspond to different 
species. Using an integrative taxonomic approach, we present and analyse morphological 
data to test for congruent differences between all identified genetic lineages. Considering 
all lines of evidence, we then formally describe the new species and identify diagnostic traits, 
for both morphology and gene sequences. Genetic diagnostic traits include SNPs from 
available mtDNA ND4 gene sequences (Afonso Silva et al. 2017), following Renner’s (2016) 
suggestion to provide simple genetic diagnostics, particularly for morphologically similar 
species groups.  
 
3.2! Materials and Methods 
We used exon capture data to perform validation analyses and sequences of the 
mtDNA ND4 gene to identify diagnostic SNPs, and, also measured, analysed and identified 
diagnostic morphological traits. We obtained sequences for the genetic data from Afonso 
Silva et al. (2017) (Dryad Digital Repository http://dx.doi.org/10.5061/dryad.jj1t). These 
included mtDNA sequence data of 101 C. johnstonei and 99 C. triacantha throughout both 
species’ distribution, for which we had specimens to do morphological analysis (Table S3.1, 
Fig. S3.1).  
See Afonso Silva et al. (2017) for more detail about how the exon capture data was 
obtained. In summary, the data was retrieved from a custom set of loci designed from 
transcriptomes of Carlia and a couple of related genera (Bragg et al., 2015). After similar 
processing to Bragg et al. (2015), the final dataset contained a total of 51 samples with 
average of 40x coverage and approximately 2800 loci per sample. For the validation analyses, 
we retrieved data from the 20 geographically dispersed samples as used for species tree 
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estimation in Afonso Silva et al. (2017) (Fig. 3.1, Table S3.1). These correspond to five 
individuals for each of the four lineages previously identified in Afonso Silva et al. (2017) (Fig. 
3.1, Table S3.1), using the same C. amax samples as an outgroup (from Potter et al., 2016) 
that were used in that study.  For these analyses, we required aligned haplotype sequences, 
for which we employed GATK (v3.3, McKenna et al., 2010) which was also used to identify 
heterozygous sites and mask sites with a low-quality genotype call (GQ<20). Here, we 
generated phased haplotypes using the individual overlapping sequencing reads to phase 
heterozygous sites within target loci and then used one haplotype per sample in later 
analyses.  
We then used the EAPhy pipeline (Blom 2015 v.1.2; github.com/MozesBlom/EAPhy) 
to realign, filter and export alignments with complete data into NEXUS and PHYLIP format, 
as well as two sets of SNPs in FASTA format (using 0.2 as maximum proportion of Ns for 
each site, one SNP chosen randomly per gene and excluding singletons).  
 
3.2.1! Genetic species validation 
We applied three multispecies coalescent validation approaches to investigate species 
boundaries: Bayesian Phylogenetics and Phylogeography (BPP v3.3; Yang & Rannala, 2014), 
BFD (Bayes factor delimitation; Grummer et al. 2014) StarBEAST2 using multilocus data 
(Ogilvie, Bouckaert & Drummond, 2017), and BFD* SNAPP using SNP data (Leaché et al., 
2014).  
For the BPP analysis, we randomly selected two exon sets (to avoid unforeseen biases), 
each with 100 loci of between 250 bp and 1000 bp, to check for consistent results. The MSC 
assumes no recombination within loci, and free recombination among loci (Degnan et al., 
2009). We are confident of satisfying the latter condition, as our exons are all derived from 
different genes (Bragg et al., 2015). Lanier & Knowles (2012) showed that intra-locus 
recombination had little effect in species-tree estimates under the MSC; however Potter et 
al. (2016) found that it can affect species delimitation. Hence, to further evaluate this effect, 
we used the program IMgc (Woerner, Cox & Hammer, 2007) to extract optimal 
recombination-filtered blocks (no four-gamete violations) and repeated BPP analysis for 
comparison. We performed joint Bayesian species delimitation and species tree estimation 
(method A11, Yang, 2015). This method uses the multispecies coalescent model to compare 
different models of species delimitation and species phylogeny in a Bayesian framework, 
accounting for incomplete lineage sorting due to ancestral polymorphism and gene tree 
species tree conflicts (Yang & Rannala, 2010, 2014; Rannala & Yang, 2013). Ancestral 
population size parameters (theta) were set to gamma prior G(2, 1000), with mean 2/1000 = 
0.002 and the divergence time at the root of the species tree (tau) was assigned to G(2, 
2000), while the other divergence time parameters were assigned to the Dirichlet prior (Yang 
& Rannala, 2010: equation 2). Preliminary analyses run using different combination of gamma 
priors, as suggested in Yang (2015), produced similar results, suggesting that our results are 
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robust to the priors used (data not shown). The phylogeny obtained in Afonso Silva et al. 
(2017) was used as a starting tree and all columns in the alignment were used in the likelihood 
calculation. Each exon set analysis was independently run twice to confirm consistency 
between runs, with a burn-in of 50,000 and a sampling frequency of five iterations for a total 
of 500,000 generations. 
Bayes factor delimitation (BFD; Grummer, Bryson & Reeder, 2014) is an approach that 
compares the marginal likelihoods of competing species delimitation hypotheses using 
Bayes factors. To apply this approach, we ran two MSC methods to test our three potential 
hypotheses using C. amax as an outgroup: (i) a scenario with two species (C. johnstonei and 
C. triacantha), (ii) a scenario with three species (lineages Johnstonei A, Johnstonei B and C. 
triacantha) and (iii) a scenario with four species (with both lineages from C. triacantha and C. 
johnstonei as separate species).  
StarBEAST2 v0.13.5 is a recently released sequence-based approach that reconstructs 
species trees with more flexibility than BPP (Ogilvie, Bouckaert & Drummond, 2017), and so 
provides an alternative MSC method to investigate species delimitation with Bayes factors 
(BFD). To verify consistency, we randomly selected another two sets of exons, each with 20 
loci between 250 and 1000 bp. We then used jModelTest v2.1.10 (Guindon, Gascuel & 
Rannala, 2003; Darriba et al., 2012) to calculate nucleotide substitution model likelihood 
scores for each locus and to estimate optimal model using BIC (Supplemental Table S3.2). 
All BFD StarBEAST2 analyses were performed using a strict clock model, for 100,000,000 
generations, with data sampled every 10,000 generations, the first 10% of each run was 
discarded as burn-in and priors as in Table S3.3. For each analysis, two BFD StarBEAST2 
replicates were conducted to ensure convergence and assessed using ESS values with Tracer 
v1.6 (Rambaut et al., 2015). We used stepping-stone sampling (Leaché et al., 2014) to 
determine the marginal likelihoods of four, three and two species (plus outgroup). All 
stepping-stone analyses used 16 steps with a beta distribution α parameter of 0.1 to optimise 
the power posterior discretization (Xie et al., 2010). The resulting marginal likelihoods were 
then used to compute Bayes factors (Kass & Raftery, 1995), quantifying the support for each 
species delimitation hypothesis against all others under consideration. The final tree was 
obtained by combining posterior replicates with LogCombiner (Drummond & Rambaut, 
2007) and summarised using maximum clade credibility trees, after exclusion of 10% burn-
in, with TreeAnnotator v1.7.2 (Drummond & Rambaut, 2007). 
To use an approach that considers evidence from all available loci, we selected two 
independent SNP sets by sampling one SNP at random from each locus out of 2,163 total 
available loci and estimated species trees for each scenario using SNAPP (Bryant et al., 2012). 
We ran all analysis for 500,000 generations sampling every 500, with two replicates to ensure 
convergence and priors as in Table S3.3. After assessing convergence between runs and 
exon sets we proceeded to Bayes factor delimitation as described previously.  
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3.2.2! Morphological data collection 
 We analysed 200 specimens from the Museum and Art Gallery of the Northern 
Territory (MAGNT), Museum Victoria (MV), South Australian Museum (SAM), Western 
Australian Museum (WAM) and recently-collected specimens held at the Australian National 
University (with ANU ethical approval number A2012/14) (Fig. 3.1, Table S3.1). All analysed 
specimens were also sequenced for the mtDNA ND4 gene in Afonso Silva et al. (2017) (Fig. 
S3.1), with a total of 66 examined specimens for Johnstonei A, 35 for Johnstonei B, 31 for 
Triacantha A and 68 for Triacantha B. 
We examined five morphometric characters taken to the nearest 0.1 mm with Mitutoyo 
electronic callipers: snout-vent length (SVL), axilla-groin length (AGL), head length (HL) 
measured from anterior edge of tympanum to snout, head width (HW) measured at widest 
point of the head, and head depth (HD) measured at parietal scales. In order to minimize 
error, we used a dissecting microscope Leica MZ8 (equipped with camera Leica MC120 HD) 
for which forelimb (FLL) and hindlimb length (HLL) were measured through photographs 
using ImageJ (Abràmoff, Magalhães & Ram, 2004) (as in Fig. S3.3); as well as four additional 
smaller features: nasals separation (NS), ear aperture length (EAL), palpebral disc length (PDL) 
and eye to ear distance (EED) (as explained in Fig. S3.3).  
We also assessed seven meristic characters using photographs: supralabials, 
infralabials, supraciliaries, lamellae under the 4th toe (from claw sheath to junction of 3rd 
and 4th toes), lamellae under the 3rd finger (from claw sheath to the junction of the 2nd and 
3rd fingers), the mode of number of keels across the mid-dorsal line scales and the ear lobule 
numbers. These traits were counted as suggested by Cogger (2014) and similarly to Hoskin 
& Couper (2012). Measurements and scales were generally analysed from the left side of the 
specimen, unless prevented by damage or poor preservation. All described measurements 
were collected in millimetres (mm).  
For the ensuing species descriptions, we also measured the tail length and the distance 
between prefrontals if not in contact, but these traits were not used in the morphological 
analysis due to high level of missing data. For the designated holotypes, we additionally 
counted the number of midbody scale rows, vertebral (from the occiput to the edge of the 
hind limb along the mid dorsal line) and ventral scales (from mental scale to the edge of 
cloaca). 
 
3.2.3! Morphological analyses 
We investigated the relationship of each linear measurement with size (per mtDNA 
lineage), by plotting each variable against SVL and by comparing box plots of raw and size 
corrected measurements. After removing samples with missing data, all measurements were 
log-transformed to reduce their variance allowing a more conservative assessment of 
differences between mtDNA lineages. We then extracted size-corrected residuals from 
regressions between SVL and each measurement as a size-corrected log-transformed 
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dataset. We investigated normality and heteroscedasticity after variable correction using 
density plots, Shapiro-Wilk test and Levene’s test. Multivariate normality was assessed with 
the Henze-Zirkler's Multivariate Normality Test in the MVN package (Korkmaz, Goksuluk & 
Zararsiz, 2014).  
In order to assess the morphometric distinctiveness of these lineages, we conducted 
Principal Component analyses on the log-transformed and on the size-corrected log-
transformed (excluding SVL) datasets for each species. We used the prcomp function (stats 
package) with all measurement variables centred and plotted principal component 1 (PC1) 
against PC2, with a 75% confidence ellipse probability threshold (ggplot2 package, Wickham 
2016).  
To statistically evaluate whether the lineages are significantly different and which 
variables are contributing to this, we analysed log-transformed and size-corrected log-
transformed measurements with a MANOVA, and confirmed the significance of non-normal 
variables with the non-parametric Wilcoxon test (stats package). Relevant meristic data was 
analysed independently with a generalized linear modelling with a Poisson distribution (stats 
package) since these are count data and not continuous variables.  
Using the statistically significant measurement variables from the MANOVA, we tested 
the accuracy in predicting assignment of lineage by applying a linear discriminant analysis 
(LDA) with jackknife cross-validation implemented in the package MASS (Ripley et al., 2013). 
Due to the presence of non-normal variables, we also applied a Random Forest (RF) analysis 
using the package randomForest (Liaw & Wiener, 2002). 
We investigated the effect of possible outliers in the data by calculating, for each of 
the variables, interquartile range scores (function scores in outliers package, Komsta, 2011) 
to identify samples with outliers and then perform a MANOVA with this dataset. Removing 
outliers decreases 14% and 6% of analysed specimens for C. johnstonei and C. triacantha, 
respectively. Since some of these outliers could represent expected phenotypic variation 
across these species distribution and the overall results were similar, we present the analyses 
with all individuals. 
To account for the insufficient information on sex, we performed a linear model 
containing sex and mtDNA lineage, using the available sexed individuals, which showed no 
difference in SVL between males and females in either C. johnstonei or C. triacantha. This 
suggests sex differences cannot explain our observed results, so we also present the analyses 
with all individuals.  
We performed all analyses in R v.3.3.1  (R Core Team, 2016) and all the data, input files, 
code and morphological results are available at:  
 https://dx.doi.org/10.6084/m9.Figshare.4621963. 
 
3.2.4! Molecular diagnostics 
Following the recommendation of Renner (2016) , we visually identified diagnostic 
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SNPs within the ND4 mtDNA gene using all Afonso Silva et al. (2017) sequences with 
Genbank accessions codes MF083173-MF083508 in Geneious v.7.1.9 
(http://www.geneious.com, Kearse et al., 2012). Using as a reference an available skink 
mitogenome from Scincella vandenburghi (Park et al., 2016), we selected the available 
diagnostic SNPs per lineage within each species, where the nucleotide difference would 
correspond to an amino acid substitution. 
 
The electronic version of this article in Portable Document Format (PDF) will represent 
a published work according to the International Commission on Zoological Nomenclature 
(ICZN), and hence the new names contained in the electronic version are effectively 
published under that Code from the electronic edition alone. This published work and the 
nomenclatural acts it contains have been registered in ZooBank, the online registration 
system for the ICZN. The ZooBank LSIDs (Life Science Identifiers) can be resolved and the 
associated information viewed through any standard web browser by appending the LSID 
to the prefix http://zoobank.org/. The LSID for this publication is: 
urn:lsid:zoobank.org:pub:A7B29F16-079F-48BA-B4BE-3EC9A3D80D34. The online version 
of this work is archived and available from the following digital repositories: PeerJ, PubMed 
Central and CLOCKSS. 
 
3.3! Results 
3.3.1! MSC Species delimitation  
All three MSC approaches assigned more support to the four-species hypothesis than 
either the two- or three-species hypotheses (Table 3.1). 
Both BPP analyses, each with independent drawn sets of genes, yielded the same 
species tree (Fig. 3.2) and a posterior probability (PP) equal to 1 for five delimited species 
(all four lineages plus the outgroup). The analyses processed with IMgc to exclude blocks 
with no four-gamete violations from within alignments, returned similar results with PP = 1 
for four lineages plus outgroup. However, while topology for the original datasets was as 
expected by 99% of the models (Fig. 3.2), for each gene set without recombining blocks only 
64% and 85% of the models supported the same topology.  
For both BFD StarBEAST2 and BFD* SNAPP, Bayes Factors (BF) were obtained by 
subtracting the two-species hypothesis from both the three-species hypothesis as well the 
four-species hypothesis, and multiplying the difference of marginal likelihoods by a factor of 
two.  
The BFs for both the BFD StarBEAST2 and BFD* SNAPP analyses were > 10 for the 
four-species hypothesis relative to the two- or three-species hypotheses (Table 3.1), which 
corresponds to decisive evidence for this model  (Kass & Raftery, 1995). The marginal 
likelihood results were of similar magnitude across the two gene datasets for BFD StarBeast2 
and across the two SNP datasets for BFD* SNAPP (Table 3.1, Fig. S3.2), although BFs were 
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much higher for the latter. 
 
The species tree topology with the main lineages was assessed in Afonso Silva et al. 
(2017) using the ASTRAL summary species tree method (Fig. 3.1), but here species trees 
were also estimated by BPP, StarBEAST2 and SNAPP. StarBEAST2 and SNAPP all returned 
majority support for the ASTRAL topology. For gene sets 1 and 2, StarBEAST2 support for 
the ASTRAL topology was 97% and 63%, respectively. Support was higher using SNAPP at 
95% and >99% for SNP set 1 and 2, respectively. 
 
 
3.3.2! Morphological analysis  
The morphological measurements suggest that snout-vent length (SVL) is an important 
differentiating trait between candidate species within each of C. johnstonei and C. triacantha 
Figure 3.2 Species tree with topology from BFD StarBeast2 gene set1 presenting node posterior 































Table 3.1 Species delimitation support. For BPP support is in posterior probabilities while for BFD StarBeast2 
and BFD* SNAPP is based in Bayes Factors calculated using the two species model as the null model (two 
species support by comparing with the four species model).  












Two species 0 0 -318.10 -274.04 -4517.80 -4443.35 
Three species 0 0 223.35 203.79 3526.41 3370.49 
Four species 1 1 318.10 274.04 4517.80 4443.35 
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(Fig. 3, S4). Thus, further analyses were conducted also using size-corrected log-transformed 
variables (Fig. S5), so we could assess if the lineages were statistically different after 
accounting for SVL differences. For multivariate analyses, individuals with missing data were 
removed and after size correction some variables were still not normal (Table S3.4, S3.5), but 
were multivariate normal for both C. johnstonei (log-transformed HZ p-value = 0.056, size 
corrected HZ p-value = 0.121) and C. triacantha (log-transformed HZ p-value = 0.104, size 
corrected HZ p-value = 0.272).  
In the PCA results for C. johnstonei with only log-tranformed data (including SVL), the 
first axis (PC1) explained 74.4% of the total variation with all variables loading uniformly (and 
hence size-related) and the second axis (PC2) only explained 7.2% of variation (Fig. 3.3A, 
S3.6A). By contrast, in the PCA with the size corrected dataset (and excluding SVL), PC1 
explains 26.2% and PC2 16.8% of the variation (Fig. 3.3C, S3.6C). The log-transformed PCA 
shows more evidence of clustering by lineage than does the size-corrected PCA. Together 
Figure 3.3 PCA with log transformed (A, B) and size corrected (C, D) morphological measurements for C. 
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these observations point to a high similarity in shape, relative to divergence in body size. For 
C. triacantha, similar results were obtained (Fig. 3.3B, S3.6B). The proportions of variance 
explained for log transformed analysis were PC1 = 74.3% and PC2 = 7.2%; whereas, for the 































































































JB JA JB JA JB JA JB
JB TA TB JA JB TA TB
Figure 3.4 Boxplots of significantly 
different traits between mtDNA lineages 
for C. johnstonei and for C. triacantha. JA 
– Johnstonei A, JB – Johnstonei B, TA – 
Triacantha A and TB – Triacantha B. 
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Using MANOVA, we assessed whether morphological measurements differences 
between lineages were significant (for more detail see Tables S3.4, S3.5). For both species, 
the MANOVA confirmed that size (logSVL) differs between lineages in each species (p-value 
= 1.05x10-6 in C. johnstonei; p-value = 6.96x10-3 in C. triacantha). For size-corrected data, 
head depth (p-value = 1.36x10-3), nasal separation (p-value = 9.02x10-3), forelimb (p-value = 
7.89x10-3), and hindlimb (p-value = 2.55x10-2) are important traits in distinguishing 
Johnstonei A from Johnstonei B; and head length (p-value = 3.30x10-4) and ear to eye 
distance (p-value = 2.73x10-2) for distinguishing Triacantha A from Triacantha B (Fig. 3.4). 
The significant non-normal variables within C. triacantha were confirmed with significant non-
parametric test (Table S3.5). 
The analysis of meristic data was based on three relevant characters (number of ear 
lobules, lamellae number under the 3rd finger and under the 4th toe) due to little or no 
variation in the other traits. Each of the three analysed characters was significantly different 
between Johnstonei A and B, but only ear lobule number showed a significant difference 
between Triacantha A and B (Fig. 3.4, Table S3.6). 
The prediction capacity of significant morphological data was investigated with a linear 
discriminant analysis (LDA) and a Random Forest analysis (RF). Jackknife results provided 
85.87% accuracy for differentiating C. johnstonei lineages based on log-transformed 
morphological measurements (to include SVL as a variable) and 72.34% for C. triacantha 
lineages. While the accuracy estimated with a RF analysis was 81.52% for C. johnstonei and 
68.09% for C. triacantha. The summary of each measured trait can be found in supplementary 
Table S3.7. 
 
3.3.3! Taxonomic assessment and species description 
Considering the congruence across multiple genetic delimitation methods and of these 
with significant morphological divergence among lineages, we provide sufficient evidence 
for four species, two species within Carlia johnstonei and two species within C. triacantha. 
. 
Within C. johnstonei, Johnstonei A is the nominal C. johnstonei species based on a 
holotype from the Mitchell Plateau, a region in which extensive sampling has shown that only 
Table 3.2 ND4 mtDNA diagnostic SNPs for each lineage. The position of each SNP is aligned with 
Scincella vandenburghi mitochondrial genome (Park et al. 2016). For each nucleotide position is also 
presented the correspondent amino acid substitution. Grey background refers to which species the 
SNP is diagnostic for.  
 10851 10864 10992 11115 11218 11365 11413 
C. johnstonei T Ser A Tyr A Thr A Met C Thr A Asn T* Ile* 
C. insularis sp. nov. A Thr G Cys A Thr A Met T Ile G Ser T Ile 
C. triacantha T Ser A Tyr G Ala C Leu C Thr G Ser C Thr 
C. isostriacantha sp. nov. T Ser A Tyr A Thr A Met C Thr G Ser T Ile 
! *Substitution is not diagnostic for a few individuals 
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Johnstonei A occurs. For C. triacantha the holotype specimen is from Adelaide River, 
Northern Territory, a site close (~ 15 km) to Triacantha A samples from Litchfield National 
Park (NTM R22162) – hence we suggest that Triacantha A should retain the species name. 
Accordingly, we here describe two new species - Johnstonei B as Carlia insularis sp. nov. and 
Triacantha B as Carlia isostriacantha sp. nov. In the following we provide diagnoses for the 
four species. Simple genetic diagnostics (mtDNA diagnostic SNPs; Table 3.2) are robust. For 
morphology alone, single traits mostly have overlapping ranges, but in combination with 
each other and geography, should be practical in the field.  
 
Carlia johnstonei Storr, 1974 Records of the Western Australian Museum, Vol. 3, 151-165 
Rough brown rainbow-skink 
Holotype. WAM R43170, from Mitchell Plateau, Western Australia, in -14.866667 
125.833333. 
Diagnosis. Dark blackish Carlia morphologically distinguishable from geographically 
overlapping species with a combination of mid-dorsal scales bicarinate (two keels), more 
numerous supraciliares (usually 7 vs. 6 – C. amax, C. munda, C. rufilatus, C. isostriacantha sp. 
nov., or 5 – C. gracilis), larger ear aperture with numerous sharply pointed lobules (mean of 
10 lobules), but typically less than in C. insularis sp. nov. (mean of 13 lobules). Further 
distinguished from the latter by smaller body size (mean 36.39 mm vs. 41.83 mm), reduced 
head depth (mean 3.59 mm vs. 4.48 mm), shorter limbs (forelimbs 9.51 mm vs. 11.45 and 
hindlimbs 14.82 mm vs. 17.77 mm) and less lamellae under longest finger (mean 16.75 mm 
vs. 19.69 mm) and toe (mean 22.83 mm vs. 26.31 mm).  
Description. Snout-vent length (mm): 21.84 - 43.49 (N = 66, mean 36.39). Tail: 27.1 – 61.28 
(N = 26, mean 46.04). Most specimens with separated prefrontal scales (93%) by an average 
of 0.32 mm (N = 50, 0.05 – 0.64). Ear aperture smaller (N = 62, mean 1.01, 0.50 - 1.44), than 
palpebral disc (N = 62, mean 1.31, 1.05 – 1.59), with many small lobules (mean 10, 5 - 16). 
Lamellae under third finger 9 – 20 (N = 63 mean 16.75), fourth toe 15 – 27 (N = 63 mean 
22.83) (Table S3.7). Most specimens are dorsally dark brown and ventrally yellow but with 
either a bright or dark blue gular.  
Distribution. Distributed across the sub-humid area in the Kimberley, from the northeast 
Berkeley River region, to the southwest King Leopold Ranges (Fig. 3.1). Present in humid 
islands in the Kimberley, mostly the northern islands and those closer to the mainland.  In 
drier environments, this species tends to be more restricted to mesic microhabitats in rocky 
gorges (Russell Barrett pers. comm.). 
Remarks. The previous described paratype from East Montalivet Island (WAM R41462) in 
Storr (1974) by geographic location should belong to C. insularis sp. nov. 
 
Carlia insularis sp. nov. (Figs. S7A, S8A, C and S9A) urn:lsid:zoobank.org:act:F058DFD2-
799C-4242-8926-9F59AEC6FD44 
Kimberley islands rainbow-skink  
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Holotype. WAM R158646, from North Maret island, Western Australia, in -14.3983 
124.97750. Specimen collected in 2004 by Richard How (Fig. S3.7A). 
Paratypes. Fenelon Island: WAM R117708, WAM R117709, WAM R117710; Corneille Island: 
WAM R117967; West Montalivet Island: WAM R158562, WAM R158571; Don Island: WAM 
R158610; North Maret Island: WAM R158647 (Table S3.1, Fig. S3.8A, C).  
Etymology. Insularis is derived from the Latin word insular, for island, since this species is 
restricted to islands.  
Diagnosis. Morphologically similar to C. johnstonei and distinguished from this species by 
the presence of mid-dorsal body scales with a mix of two or three keels (Fig. 3.5), whereas 
C. johnstonei always has two keels. As mentioned previously, it is also distinguished from C. 
johnstonei by longer body size, higher relative head depth, longer relative limb length, more 
sharp lobules in the ear aperture (mean values of 13 vs. 10; Fig. 3.5) and more lamellae under 
longest finger and toe (average 3 more). Prefrontal scales are either narrowly separated or 
in contact, while C. johnstonei often has more widely separated prefrontals. From a genetic 
perspective, four sites that change amino acids in the mtDNA ND4 sequence reliably 
distinguish Carlia johnstonei and Carlia insularis sp. nov. (Table 3.2). Geographically distinct 
from C. johnstonei in some of the most outer islands of the Bonaparte Archipelago (see 
bellow).  
Comparison with congeners. 
Distinguished from remaining 
Australian Carlia species by a reduced 
upper preocular and well separated 
from posterior margin of second 
loreal scale (Hoskin & Couper, 2012); 
a distinct interparietal, usually seven 
supraciliaries, prefrontals usually 
separated; at least 34 mid-body scale 
rows, that are dorsally 6-sided, each 
scale with an angular free edge and 
strongly bicarinate, with the keels 
aligned to form continuous 
longitudinal lines; ear-opening 
surrounded by many small and 
pointed lobules (Cogger, 2014). It is 
endemic to Kimberley islands where 
C. johnstonei and C. isostriacantha sp. 
nov. also occur at a regional scale. 
See diagnosis to distinguish from C. 
johnstonei; and distinguishable from C. isostriacantha sp. nov. by the presence of two 
Figure 3.5 Relevant diagnostic traits. Irregular keeling in 
dorsal body scales for C. insularis sp. nov. (A) and difference 
in ear lobules of C. triacantha (left) and C. isostriacantha sp. 
nov. (right). Illustrations by Erin Walsh. 
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keeled-scales and usually seven supraciliaries instead of six. 
Description of holotype. Individual with 42.01 mm as SVL, tail 69.33 mm, axilla-groin length 
19.71 mm, head length 8.86 mm, head width 6.29 mm, head depth 3.85 mm, forelimb 12.47 
and hindlimb 17.42 mm. Body with keeled dorsal scales, mostly two keels but some scales 
with three. Six supraciliares, seven supralabials, six infralabials, 19 subdigital lamellae in 3rd 
finger, 26 subdigital lamellae in 4th toe. Circular ear not smaller (1.37 mm) than palpebral 
disc (1.19 mm) with 12 sharp ear lobules. Prefrontals narrowly separately and nasals widely 
spaced (2.56 mm). Midbody scale rows 37, 43 vertebral scales and 62 ventral scales. 
Description. Snout-vent length (mm): 27.93 - 51.44 (N = 35, mean 41.83). Tail: 29.05 – 69.98 
(N = 18, mean 51.02). Most specimens with separated prefrontal scales (62%) by an average 
of 0.18 mm (N = 21, 0.02 – 0.54). Ear aperture smaller (N = 32, mean 1.27, 0.85 – 2.16), than 
palpebral disc (N = 32, mean 1.44, 1.04 – 2.13), with many small lobules (up to 18). Lamelae 
under third finger 17 – 23 (N = 35 mean 19.69), fourth toe 21 – 30 (N = 35 mean 26.31) 
(Table S3.7). Laterally and dorsally blackish brown while ventrally yellowish with sometimes 
a bright blue or a dark blue gular (Fig. S3.8C), where in breeding males (Fig. S3.9A) lateral 
midbody has a light brown almost orange colour.   
Distribution. Across the northwest and outer islands of the Bonaparte Archipelago (northern 
Kimberley islands in Western Australia) with confirmed occurrence on the Fenelon, Corneille, 
East Montalivet, West Montalivet, Don, Berthier, North Maret and South Maret islands. 
Remarks. Despite extensive sampling, there are no records of C. insularis sp. nov. and C. 
johnstonei occurring on the same islands. All islands where the former species is confirmed 
are either laterite or volcanic islands, whereas C. johnstonei also occurs in sandstone islands 
(How et al., 2006). The individuals of C. insularis sp. nov. were collected in vine thicket and 
deciduous vine forest habitats (Richard How; pers. comm.). Despite Descartes island being 
relatively close to Fenelon and Corneille islands, only C. johnstonei was confirmed on this 
island. 
 
Carlia triacantha Mitchell, 1953, Records of the South Australian Museum, Vol. 11, 75-90 
Desert rainbow-skink 
Holotype. SAM R2697, from Adelaide River, Northern Territory, in -13.183 131.1. 
Diagnosis. Species morphologically distinguished from congeners by having three strong 
keels in scales, prefrontals more often in contact or very narrowly separated and usually six 
supraciliaries. Although more work is still needed to find unambiguously diagnostic traits 
between this species and C. isostricantha sp. nov., C. triacantha are mostly smaller (mean 
36.55 mm vs. 40.07 mm), with shorter relative head length (mean 7.24 mm vs. 8.25 mm) and 
fewer ear lobules (usually 6 vs. 9, Fig. 3.5B). Geographically diagnosis from C. isostricantha 
sp. nov., possible in the centre of Australia, particularly Pilbara and Macdonald ranges region. 
Description. Snout-vent length (mm): 23.78 - 44.98 (N = 35, mean 36.55). Tail: 38.48 – 75.90 
(N = 17, mean 60.80). Prefrontal in contact (63%) while the rest with separated prefrontals 
(N = 11) by an average of 0.26 mm (0.03 – 1.81). Ear aperture smaller (N = 30, mean 1.13, 
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0.64 - 1.73), than palpebral disc (N = 30, mean 1.41, 0.99 - 1.71), with often one larger 
anterior lobule and several small (up to 7). Lamellae under third finger 16 – 22 (N = 30 mean 
18.83), fourth toe 23 – 28 (N = 29 mean 24.83) (Table S3.7). Dorsally brown and ventrally 
yellow blueish with sometimes whitish line under eye.  
Distribution. Widely distributed from Pilbara in Western Australia to Northern Territory (Fig. 
3.1). However, more sampling and genetic analyses are needed to investigate whether this 
species is continuously distributed from the mesic Top End to arid central Australia or if the 
central Top End is only occupied by C. isostriacantha sp. nov.  
 
Carlia isostriacantha sp. nov. (Fig. S3.7B, S3.8B,D and S3.9B) urn:lsid:zoo-
bank.org:act:EB2E9D69-8E1F-466D-8441-E2E4DD59F96E 
Monsoonal three-keeled rainbow-skink 
Holotype. WAM R171420, from Prince Regent Nature Reserve, Western Australia, in -
15.98972 125.32944. Specimen collected in 2010 by Paul Doughty (Fig. S7B). 
Paratypes. WAM R168173 (Boongaree Island), WAM R168675 (Katers Island), WAM R171211 
(Darcy Island), WAM R171905 (Wargul Wargul Island), WAM R171906 (Molema Island), WAM 
R171908 (Sunday Island), WAM R171909 (Balami ridge), WAM R171916 (Lachlan Island), 
WAM R171921 (Storr Island), WAM R171933 (Balami ridge) (Table S3.1, Fig. S3.8B,D). 
Etymology. Isostriacantha is derived from equal in greek (isos) with triacantha, (three spines, 
referring to the three keels in scales) due to the difficulty of morphologically distinguishing 
from its sister species C. triacantha. 
Diagnosis. As similar to C. triacantha, this species is morphologically distinguished from other 
Carlia species by having three strong keels in scales, prefrontals more often in contact or 
very narrowly separated and usually six supraciliaries. As above-mentioned, in contrast with 
it closest relative, C. triacantha, this species has longer body size, a relatively longer head 
and tends to have more ear lobules, on average nine very small lobules (Fig. 3.4 and 3.5, 
Table S3.7). Another possible trait to distinguish between these species is a white line that 
begins posterior to each hind limb and can extend to midway through the tail (Fig. S3.9B). 
This trait is more evident in freshly caught individuals, or photographs of them, than in long 
preserved specimens and needs to be further tested through more observations on 
genetically typed individuals. Genetically diagnosed from C. triacantha, by three ND4 
mtDNA sites (Table 3.2) and geographically by occurring in the Kimberley, although 
geographic diagnoses in Northern Territory requires further work. 
Comparison with congeners. This species can be separated from most Australian Carlia 
species by an upper preocular reduced and well separated from posterior margin of second 
loreal scale (Hoskin & Couper, 2012); a distinct interparietal, with usually six supraciliaries, 
prefrontals usually in contact or narrowly separated; 28-36 rows of mid-body scales, that are 
dorsally 6-sided triscupid, each usually with an angular free edge and strongly keeled; often 
one larger anterior lobule with many small lobules in a round ear-opening that is smaller than 
palpebral disc, while the palpebral disc occupies much more than half of lower eyelid 
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(Cogger 2014). Specifically with potentially sympatric species, C. johnstonei, C. amax, C. 
rufilatus, C. gracilis and C. munda, this species can be identified by the presence of three 
strong keels in scales, prefrontals usually in contact, six supraciliaries and absence of white 
lateral line anterior to the forelimbs. To distinguish from its sister species, C. triacantha, see 
Diagnosis above. 
Description of holotype. Male individual with 43.22 mm as SVL, tail 63 mm, axilla-groin length 
20.06 mm, head length 8.79 mm, head width 6.57 mm, head depth 3.83 mm, forelimb 13.06 
mm and hindlimb 19.34 mm. Body with three keeled dorsal scales. Six supraciliares, seven 
supralabials, six infralabials, 17 subdigital lamellae in third finger, 23 subdigital lamellae in 
fourth toe. Horizontal ear wider (1.83 mm) than palpebral disc (1.57 mm) with 13 small sharp 
ear lobules (one anterior larger). Prefrontals in contact and nasals widely spaced (2.34 mm). 
Midbody scale rows 35, 38 vertebral scales and 52 ventral scales. 
Description. Snout-vent length (mm): 24.72 - 49.12 (N = 68, mean 40.07). Tail: 29.1 – 86.68 
(N = 39, mean 61.55). Prefrontal in contact (73%) while the rest with separated prefrontals 
(N = 19) by an average of 0.12 mm (0.01 – 0.37). Ear aperture smaller (N = 67, mean 1.33, 
0.69 - 1.96), than palpebral disc (N = 67, mean 1.46, 0.92 - 1.81), with often one larger 
anterior lobule, many small (up to 13) and sometimes one superior. Lamelae under third 
finger 11 – 24 (N = 62 mean 19.27), fourth toe 18 – 30 (N = 62 mean 24.82) (Table S3.7). 
Dorsally brown and ventrally yellow blueish, with a light line under eye to ear, and often with 
a very light whitish line in the back of hindlimbs to tail if not regrown (Fig. S3.9B).  
Distribution. Widespread across the Kimberley and adjacent (mostly southern Kimberley) 
islands in Western Australia, with isolated records in the western Gulf region, spanning the 
border of the Northern Territory and Queenland (Fig. 3.1).  
Remarks. Afonso Silva et al. (2017) found one genetically discordant sample with mtDNA of 
C. isostriacantha sp. nov. and nuclear of C. triacantha from the Victoria River region 
(ABTC61613, Table S3.1). This suggests a need for further regional surveys and genetic 
studies, particularly in the Northern Territory where only a few specimens with tissues were 
detected, to define the boundaries of both species, at geographical and morphological level.  
 
3.4! Discussion 
We used extensive genetic and morphological data to identify two new species of 
Rainbow skinks, Carlia insularis sp. nov. (Johnstonei B lineage) and Carlia isostriacantha sp. 
nov., (Triacantha B lineage), in an understudied region of Australia, the Kimberley. We also 
redefined diagnoses and geographic distributions of Carlia johnstonei and C. triacantha. Our 
work takes advantage of recent progress in techniques for obtaining large-scale sequence 
data and in methods for species delimitation, as part of a broader integrative taxonomic 
approach. These advances are particularly important for identifying cryptic species, such as 
those described here, where morphological evidence alone is often insufficient for reliable 
species identification. 
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3.4.1! Evidence for new cryptic species 
A previous phylogeographic study with >2000 loci Afonso Silva et al. (2017) revealed 
two new candidates species in the Carlia genus. The current work confirms these are new 
species using three robust hypothesis-driven validation methods based on several 
independent sets of genes from the larger exon dataset. The use of multiple different 
methods provides a robust test for the previous discovery in Afonso Silva et al. (2017), and 
further validates the proposed species delimitation.  
Although the existence of C. insularis sp. nov. and C. isostriacantha sp. nov. is well 
supported in the genetic data, distinguishing these species morphologically is more difficult 
due to their cryptic nature. The genus Carlia generally has few diagnostic taxonomic 
characters that allow for the separation of species using morphology. Even for C. johnstonei 
and C. triacantha as currently recognised, there are only a few morphological characters that 
effectively distinguish between these species, mainly the number of keels on the dorsal 
scales and the arrangement of ear lobules (Storr, 1974). However, morphological 
measurements broadly overlap between both C. johnstonei and C. triacantha lineages. 
Despite these issues, we were able to find statistically significant differences in morphology 
across both measurements and meristic data, supporting the presence of these lineages as 
different species. 
Differences in body size, head and limbs traits as well as ear lobule numbers help in 
distinguishing the lineages. Morphological variation across each pair of taxa is strongly 
affected by body size (SVL), with the newly described species being larger than their 
respective sister taxa. The same is observed for the other significant traits, even after 
accounting for size. Although for both species, there are some overlap between 
morphological groups, there was more morphological similarity between the C. triacantha 
lineages than between C. johnstonei lineages (Fig. 3.3), likely reflecting the shallower 
divergence seen within C. triacantha.  
Though we were able to identify a few distinct morphological traits, using morphology 
alone to identify individuals will remain a challenge without a reference to geography. For 
the two lineages within C. triacantha, even geography is a poor guide for the central 
Northern Territory region. Therefore, for more reliable diagnosis, we follow the suggestion 
of Renner (2016) and include a set of diagnostic mtDNA SNPs to distinguish between C. 
johnstonei and C. insularis sp. nov., and between C. triacantha and C. isostriacantha sp. nov. 
These SNPs can be easily assessed by cheaper Sanger sequencing of the mtDNA gene ND4 
(primers and protocol in Afonso Silva et al., 2017).  
 
3.4.2! Biodiversity significance of the two new species 
C. insularis sp. nov. is an important addition to the known biodiversity of the Kimberley 
islands. This region has recently been the focus of several studies that have documented 
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unique biodiversity communities, namely in terms of vegetation (Lyons et al., 2014), avifauna 
(Pearson & Caton, 2013) and herpetofauna (Doughty et al., 2012; Palmer et al., 2013). 
Studies to understand the biodiversity value in this region are also of importance to 
conservation, as this area is being considered as a biodiversity refuge for fauna vulnerable 
to the invasive Cane Toad (Palmer et al., 2013). Although the west Kimberley region has 
several endemic species, only a few are endemic just to the islands, namely a blindsnake 
(Ellis, 2016) and several land snails (Criscione & Köhler, 2013, 2014), making the discovery of 
C. insularis sp. nov. very significant. But more island-endemics reptiles are expected to be 
described, since Palmer et al. (2013) suggested the occurrence of a few potential new 
species (including samples that correspond to C. insularis sp. nov.) that have not yet been 
described. 
Although our genetic data allows us to describe C. isostriacantha sp. nov. as a new 
species, further collecting and analyses are needed across central Northern Territory for this 
and other taxa (also suggested in Rosauer et al., 2016). Specifically, there is a need to identify 
the geographic distributions of C. triacantha (s. s.) and C. isostriacantha sp. nov., as well as 
to examine morphological divergence in this poorly sampled region. In a group of Ctenotus 
skinks, Rabosky et al. (2014) highlight how intraspecific morphological variability and 
geographic sampling gaps caused an inadequate understanding of biological diversity. As 
with Ctenotus, we suspect that many other species in the Carlia genus may yet require 
taxonomic revision. Potter et al. (2016) have also suggested unknown lineage diversity in 
another Carlia species in the Australian Monsoonal Tropics, which may lead to the 
description of additional Carlia species, particularly on the islands off the northeast Top End. 
 
3.4.3! Advantages and issues of using MSC methods 
A key element of our analysis was the use of multispecies coalescent (MSC) methods, 
including pioneering the application of StarBEAST2 to Bayes Factor species delimitation 
(BFD). MSC models are a robust approach that better describes species formation by 
considering coalescent processes; however, methods based on the MSC are typically 
computationally intensive. To surpass this limitation, we subsetted independent smaller sets 
of loci from around 2,300 loci, which also has the advantage of producing multiple replicate 
results that may be compared to confirm that estimated parameter values are robust to the 
choice of loci. 
BFD using SNAPP and StarBEAST2 requires sampling from different power posteriors, 
including sampling purely from the prior. We found that convergence was difficult to achieve 
for our data set when BFD StarBEAST2 was used to sample from the prior with more than 
20 loci. Despite this limitation, BFD StarBEAST2 has advantages over existing methods for 
species delimitation. Compared to SNAPP which requires unlinked SNPs, StarBEAST2 can 
extract much more information from each locus. Compared to BPP, StarBEAST2 has many 
more options for substitution models, population size models, and relaxed clock models. 
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3.5! Conclusions  
As Oliver, Keogh & Moritz (2015) express, most genetically divergent lineages within 
species remain invisible to other scientific work, like conservation assessments and 
management planning. This reinforces the need to evaluate whether genetically distinct 
lineages within species should be formally described. Here we validate and describe two 
new species of rainbow skinks in the northwest of Australia, a highly biodiverse region of 
Australia that is still relatively understudied. Using an integrative taxonomic approach, we 
employ three MSC methods, including the application of a new approach to delimit species, 
as well as integrating morphological data to provide strong evidence for these two new 
species. This work brings the number of Australian Carlia to 26 species. However, further 
such work is needed across the Australian Monsoonal Tropics, since deeply divergent 
lineages within species of lizards are the norm in this region. 
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lineage Analysis Sex Latitude Longitude Location 
BP00664 WAM JA SD NA -14.97630 124.91310 Coronation Island 
BP01423 WAM JA SD NA -15.94970 124.56110 Storr Island 
CCM0737 ANU JA M NA -15.19890 125.90350 Spring Creek 
CCM0762 ANU JA M NA -15.35220 126.58810 Carson escarpment 
CCM0763 ANU JA M NA -15.33810 126.58910 Carson escarpment 
CCM0933 ANU JA M F -14.51903 126.45811 Theda Station 
CCM0999 ANU JA M F -14.88556 126.35986 Theda Station 
CCM1125 ANU JA SD/M F -14.78060 126.63690 Langoor Hill 
CCM1126 ANU JA M F -14.78060 126.63690 Theda Station 
CCM1127 ANU JA M F -14.78680 126.63420 Theda Station 
CCM1128 ANU JA M F -14.78680 126.63420 Theda Station 
CCM1132 ANU JA M M -14.78290 126.63510 Theda Station 
CCM1133 ANU JA M M -14.78290 126.63510 Langoor Hill 
CCM1195 ANU JA M F -14.82110 125.72140 Mitchell Plateau 
CCM1196 ANU JA M F -14.82110 125.72140 Mitchell Plateau 
CCM1197 ANU JA M NA -14.82110 125.72110 Mitchell Plateau 
CCM1200 ANU JA M F -14.83170 125.71920 Mitchell Plateau 
CCM1264 ANU JA M F -17.06837 125.24618 Silent Grove 
CCM1290 ANU JA M F -16.78641 124.92006 Mt Matthew Gorge 
CCM1301 ANU JA M F -16.97111 125.02998 Mt Hart 
CCM1499 ANU JA M NA -16.99694 125.20469 Bell Gorge Creek 
CCM1761 ANU JA M F -14.79721 126.50038 Theda Station 
CCM1762 ANU JA M F -14.79721 126.50038 Theda Station 
D76985 MV JA M NA -16.99920 125.20680 Bell Gorge 
D76986 MV JA M NA -16.99920 125.20680 Bell Gorge 
R106285 WAM JA M NA -15.43333 124.60000 Augustus Island 
R113992 WAM JA M NA -15.35000 126.61667 Carson Escarpment 
R117719 WAM JA M M -14.16389 125.67972 Descartes Island 
R117726 WAM JA M NA -14.16380 125.67970 Descartes Island 
R117760 WAM JA M NA -14.16389 125.67972 Descartes Island 
R117772 WAM JA M NA -14.38020 125.95110 South West Osborn Island 
R117787 WAM JA M NA -14.38028 125.95111 South West Osborn Island 
R117793 WAM JA M M -14.37972 125.94917 South West Osborn Island 
R117799 WAM JA M NA -14.34333 126.02083 Middle Osborn Island 
R117801 WAM JA M NA -14.34194 126.02111 Middle Osborn Island 
R117811 WAM JA M NA -14.37556 125.98972 Carlia Island 
R117812 WAM JA M NA -14.33833 125.97694 Kidney Island 
R117813 WAM JA M NA -14.33833 125.97694 Kidney Island 
R117822 WAM JA M NA -14.37667 125.98972 Carlia Island 
R117838 WAM JA M NA -14.37550 125.98970 Carlia Island 
R117843 WAM JA M NA -14.34917 125.95917 South West Osborn Island 
R117844 WAM JA M NA -14.34910 125.95920 South West Osborn Island 
R117851 WAM JA M M -14.34917 125.95917 South West Osborn Island 
R117855 WAM JA M NA -14.44694 125.99722 Steep Head Island 
R158783 WAM JA M F -14.60194 125.20389 Bigge Island 
R158784 WAM JA M F -14.60194 125.20389 Bigge Island 
R158915 WAM JA M F -14.61833 125.24111 Purrungku Island 
R167192 WAM JA M F -15.37139 124.94333 Coronation Island 
R167235 WAM JA M NA -15.04889 124.95000 Gray Island 
R167242 WAM JA M M -15.06278 124.96194 Glauert Island 
Table S3.1 Tissue and specimens list with museum origin, mtDNA lineage, for which analysis samples were 
used (SD – species delimitation, M – morphology), sex information (F – female, M – male, NA – not availa-
ble) if available and location. * Correspond to the genetically discordant sample with mtDNA of Triacantha 
B but nuclear of Triacantha A (with no evidence of admixture in Afonso Silva et al., 2017). WAM -  Western 
Australian Museum; ANU – Australian National University; MV – Museum Victoria; SAM – South Australian 
Museum; NTM – Northern Territory Museum. JA – Johnstonei A; JB – Johnstonei B; TA – Triacantha A; TB 
– Triacantha B. 
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R167260 WAM JA M F -15.11639 124.92417 Prince Regent River 
R167423 WAM JA M F -15.09222 125.12139 Boongaree Island 
R167431 WAM JA M M -15.08806 125.17083 Boongaree Island 
R167860 WAM JA M NA -14.82389 125.70889 Mitchell Plateau 
R168219 WAM JA M M -14.60000 125.11667 Bigge Island 
R168651 WAM JA M NA -14.46667 125.53333 Katers Island 
R168803 WAM JA M NA -14.31667 126.00000 Middle Osborn Island 
R168923 WAM JA M M -15.08333 125.20000 Boongaree Island 
R171227 WAM JA M M -15.35139 124.52694 Augustus Island 
R171230 WAM JA M NA -15.29056 124.39917 Darcy Island 
R171237 WAM JA SD/M NA -15.25972 124.44528 Darcy Island 
R171238 WAM JA M M -15.38556 124.36194 Byam Martin Island 
R171242 WAM JA M F -15.38556 124.36194 Byam Martin Island 
R171243 WAM JA M NA -15.35806 124.99611 Saint Andrew Island 
R171488 WAM JA M F -15.99167 125.32833 Prince Regent Nature Reserve 
R171897 WAM JA M F -13.93972 126.17361 Wargul Wargul Island 
R171900 WAM JA M M -15.90944 124.46250 Balami ridge 
R172784 WAM JA M F -16.15889 125.30722 King Leopold Ranges Cons. Park 
R173481 WAM JA SD NA -14.60824 126.93172 Drysdale River 
R117703 WAM JB M NA -14.18750 125.73390 Corneille Island 
R117708 WAM JB M NA -14.13910 125.69940 Fenelon Island 
R117709 WAM JB M NA -14.13910 125.69940 Fenelon Island 
R117710 WAM JB M NA -14.13860 125.69780 Fenelon Island 
R117751 WAM JB M NA -14.18880 125.73220 Corneille Island 
R117945 WAM JB M M -14.18556 125.72444 Corneille Island 
R117953 WAM JB SD/M NA -14.18580 125.73470 Corneille Island 
R117964 WAM JB M NA -13.95160 125.64330 Cassini Island 
R117967 WAM JB SD/M NA -14.18550 125.72440 Corneille Island 
R158508 WAM JB M NA -14.28250 125.30470 Don Island 
R158540 WAM JB M F -14.29472 125.22556 West Montalivet Island 
R158543 WAM JB M F -14.29472 125.22556 West Montalivet Island 
R158546 WAM JB M F -14.29470 125.22560 West Montalivet Island 
R158561 WAM JB M M -14.29470 125.22560 West Montalivet Island 
R158562 WAM JB M M -14.29470 125.22560 West Montalivet Island 
R158564 WAM JB M M -14.29470 125.22560 West Montalivet Island 
R158565 WAM JB M F -14.29470 125.22560 West Montalivet Island 
R158569 WAM JB M F -14.29470 125.22560 West Montalivet Island 
R158571 WAM JB M F -14.29470 125.22560 West Montalivet Island 
R158572 WAM JB M F -14.29470 125.22560 West Montalivet Island 
R158573 WAM JB M F -14.29470 125.22560 West Montalivet Island 
R158580 WAM JB M M -14.27940 125.30610 East Montalivet Island 
R158581 WAM JB M F -14.27940 125.30610 East Montalivet Island 
R158582 WAM JB M F -14.27940 125.30610 East Montalivet Island 
R158583 WAM JB SD/M M -14.27944 125.30611 East Montalivet Island 
R158610 WAM JB M F -14.28250 125.30470 Don Island 
R158646 WAM JB M F -14.39830 124.97750 North Maret Island 
R158647 WAM JB M F -14.39830 124.97750 North Maret Island 
R158648 WAM JB M F -14.39830 124.97750 North Maret Island 
R158655 WAM JB M F -14.51660 124.98330 Berthier Island 
R158657 WAM JB SD/M NA -14.51667 124.98333 Berthier Island 
R158661 WAM JB M F -14.51660 124.98330 Berthier Island 
R158683 WAM JB M NA -14.39830 124.97750 North Maret Island 
R158705 WAM JB SD/M NA -14.39833 124.97750 North Maret Island 
R165970 WAM JB M F -14.40139 124.97917 Maret Island 
ABTC11723/
R34050 SAM TA M NA -23.98333 120.01667 Weelarrana 
ABTC11847/
R34151 SAM TA M NA -12.65000 132.88333 Jabiru 
ABTC29091/
R20877 NTM TA SD NA -12.66667 132.88333 Jabiru 
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ABTC29692/
R22162 SAM TA M NA -13.26528 130.96222 Litchfield 
ABTC33954/
R42082 SAM TA M NA -26.34972 130.17167 Illintjitja 
ABTC41790/
R46088 SAM TA SD/M NA -25.98028 129.46306 Waltitjara 
CCM1859 ANU TA SD/M M -23.58338 134.49942 Ross River 
CCM1860 ANU TA M F -23.58338 134.49942 Ross River Dump 
CCM1888 ANU TA M NA -23.72534 133.34322 Birthday Water Hole 
R106160 WAM TA M M -23.86667 118.56667 Turee Creek 
R108988 WAM TA M NA -20.26944 118.89722 Lesley Salt Works 
R108990 WAM TA M NA -20.28050 118.88060 Lesley Salt Works 
R110273 WAM TA M NA -22.82000 119.61250 Mile Camp 
R110905 WAM TA M M -19.63222 128.87528 Tanami Downs 
R111810 WAM TA M F -23.49861 120.29111 Wheelarra Hill 
R113038 WAM TA M NA -20.26944 118.89722 Lesley Salt Works 
R129921 WAM TA M NA -23.25000 118.66667 West Angelas 
R139010 WAM TA SD/M NA -19.80833 121.46389 Mandora 
R139404 WAM TA M NA -21.21639 120.34056 Meentheena 
R142456 WAM TA M M -22.85056 127.83250 Kiwirrkurra 
R142973 WAM TA M F -22.85050 127.83250 Kiwirrkurra 
R145500 WAM TA M NA -22.39000 119.99000 Port Hedland 
R145556 WAM TA M NA -20.91000 118.68000 Port Hedland 
R145752 WAM TA M NA -22.09000 118.99194 Chichester Range 
R154566 WAM TA M NA -23.37917 120.10528 Newman 
R157406 WAM TA M F -19.58917 128.86028 Tanami Desert 
R157466 WAM TA M M -19.89970 128.82700 Tanami Desert 
R158101 WAM TA M NA -21.60417 117.07750 Millstream 
R160269 WAM TA M NA -22.46639 119.02250 Mount Marsh 
R161603 WAM TA M NA -19.99833 119.35861 Goldsworthy 
R164546 WAM TA M NA -21.62194 116.38972 Pannawonica 
R170651 WAM TA M NA -21.62194 116.38972 Pannawonica 
ABTC28797/
R16430 NTM TB SD/M NA -18.60000 136.10000 Brunette Downs 
ABTC29531/
R21401 NTM TB SD/M NA -18.60833 137.98833 Lawn Hill 
ABTC29554/
R21444 SAM TB M NA -18.59583 138.13183 Lawn Hill 
ABTC29573/
R21478 SAM TB M NA -18.59583 138.13183 Lawn Hill 
ABTC29851/
R22383 NTM TB SD NA -15.97083 129.04028 Keep River 
CCM0738 ANU TB M NA -15.19890 125.90350 Spring Creek 
CCM0888 ANU TB M F -14.83470 126.30013 Theda Station 
CCM0932 ANU TB M F -14.73298 126.46345 Theda Station 
CCM1130 ANU TB SD/M F -14.78110 126.63490 Langoor 
CCM1136 ANU TB M F -14.76990 126.57880 Theda Station 
CCM1199 ANU TB M F -14.83170 125.71920 Mitchell Plateau 
CCM1202 ANU TB M NA -14.16710 125.73320 Mitchell Plateau 
CCM1235 ANU TB M NA -17.04067 125.22680 Bell Gorge 
CCM1394 ANU TB M M -16.49954 125.33637 Grevillea gorge 
CCM1395 ANU TB M M -16.49954 125.33637 Grevillea gorge 
CCM1643 ANU TB M F -16.17108 125.98763 Munja track 
CCM1767 ANU TB M F -17.60560 126.04110 Mornington Gorge 
CCM1781 ANU TB M NA -16.04730 126.70170 Russ Creek 
CCM1782 ANU TB M M -17.31000 126.07700 Glenroy Meatworks 
CCM1784 ANU TB M NA -16.80000 125.84430 Galvan Gorge 
R108782 WAM TB M NA -17.25000 128.30000 Bream Gorge 
R114408 WAM TB M NA -16.08333 123.41667 King Hall Island 
R117796 WAM TB M NA -14.34194 126.02111 Middle Osborn Island 
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R117798 WAM TB M NA -14.34330 126.02080 Middle Osborn Island 
R117853 WAM TB M NA -14.34917 125.95917 South West Osborn Island 
R117946 WAM TB M NA -14.13778 125.69861 Fenelon Island 
R146022 WAM TB M NA -16.68330 123.83330 Kimbolton 
R151868 WAM TB M NA -13.88333 126.56667 Sir Graham Moore Island 
R151958 WAM TB M NA -14.35000 125.95000 South West Osborn Island 
R158008 WAM TB M F -16.14861 123.77944 Koolan Island 
R158016 WAM TB M F -16.14580 123.74920 Koolan Island 
R158551 WAM TB M F -14.29472 125.22556 West Montalivet Island 
R158609 WAM TB M F -14.28250 125.30472 Don Island 
R158970 WAM TB M F -16.14861 123.77944 Koolan Island 
R164310 WAM TB M F -14.78333 125.03333 Lamarck Island 
R165402 WAM TB M NA -16.03444 123.53750 Bathurst Island 
R165555 WAM TB M M -16.12220 123.73440 Koolan Island 
R166929 WAM TB M F -14.82972 125.71889 Mitchell Plateau 
R168173 WAM TB M M -15.07270 125.17970 Boongaree Island 
R168237 WAM TB M NA -16.07472 123.55000 Irvine Island 
R168392 WAM TB M F -16.10500 123.51222 Gibbings Island 
R168394 WAM TB M F -16.10500 123.51220 Gibbings Island 
R168407 WAM TB M M -16.08360 123.54190 Irvine Island 
R168426 WAM TB M F -16.14889 123.58833 Margaret Island 
R168462 WAM TB M NA -13.88333 126.56667 Sir Graham Moore Island 
R168590 WAM TB SD NA -14.98333 124.91667 Coronation Island 
R168675 WAM TB M NA -14.46667 125.53333 Katers Island 
R168707 WAM TB M M -14.46660 125.53330 Katers Island 
R168762 WAM TB M F -14.31667 126.00000 Middle Osborn Island 
R168910 WAM TB M F -14.60000 125.11670 Bigge Island 
R169985 WAM TB M F -16.19889 123.64583 Yampi Peninsula 
R169990 WAM TB M F -16.17660 123.63940 Yampi Peninsula 
R171206 WAM TB M M -15.35139 124.52694 Augustus Island 
R171211 WAM TB M M -15.25972 124.44528 Darcy Island 
R171420 WAM TB M M -15.98972 125.32944 Prince Regent Nature Reserve 
R171904 WAM TB M NA -16.62250 123.47111 Lachlan Island 
R171905 WAM TB M F -13.93972 126.17361 Wargul Wargul Island 
R171906 WAM TB M F -16.25639 123.82444 Nw Molema Island 
R171907 WAM TB M F -16.55778 123.35472 Long Island 
R171908 WAM TB M F -16.41306 123.17917 Sunday Island 
R171909 WAM TB M F -15.90972 124.46278 Balami ridge 
R171912 WAM TB M F -16.22250 123.44972 Hidden Island 
R171914 WAM TB M NA -16.55639 123.35528 Long Island 
R171916 WAM TB M F -16.62361 123.47139 Lachlan Island 
R171918 WAM TB M M -16.25300 123.82280 Nw Molema Island 
R171919 WAM TB M NA -15.91083 124.46056 Balami ridge 
R171921 WAM TB M F -15.94944 124.55944 Storr Island 
R171928 WAM TB M NA -15.90944 124.46250 Balami ridge 
R171930 WAM TB M NA -15.91194 124.46250 Balami ridge 
R171933 WAM TB M M -15.91028 124.46139 Balami ridge 
ABTC61613 SAM TB* SD NA -15.00500 129.58330 Victoria River 
Table S3.2 jModelTest substitution models used with the two StarBeast2 datasets and fragment length of 
loci. Loci designation based on Anolis carolinensis genome and sequence size that was retrieved for all used 
samples for each locus.  
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Loci Best jmodelTest model 
Sequence 
size Dataset 
ENSACAP00000001542_exon1 K80 378 StarBeast2 gene set1 
ENSACAP00000003748_exon1 HKY 624 StarBeast2 gene set1 
ENSACAP00000016468_exon2 K80 516 StarBeast2 gene set1 
ENSACAP00000014986_exon1 K80 588 StarBeast2 gene set1 
ENSACAP00000014062_exon1 K80+G 474 StarBeast2 gene set1 
ENSACAP00000016846_exon5 HKY+G 945 StarBeast2 gene set1 
ENSACAP00000013421_exon9 HKY 354 StarBeast2 gene set1 
ENSACAP00000006894_exon1 HKY+G 900 StarBeast2 gene set1 
ENSACAP00000008371_exon1 HKY+G 318 StarBeast2 gene set1 
ENSACAP00000012201_exon13 HKY+G 930 StarBeast2 gene set1 
ENSACAP00000000634_exon4 K80+G 972 StarBeast2 gene set1 
ENSACAP00000003365_exon1 K80+G 684 StarBeast2 gene set1 
ENSACAP00000001488_exon1 K80+G 330 StarBeast2 gene set1 
ENSACAP00000002281_exon14 HKY+G 612 StarBeast2 gene set1 
ENSACAP00000005482_exon1 HKY+G 432 StarBeast2 gene set1 
ENSACAP00000016542_exon10 HKY+G 360 StarBeast2 gene set1 
ENSACAP00000004256_exon6 HKY+G 534 StarBeast2 gene set1 
ENSACAP00000001948_exon6 HKY 954 StarBeast2 gene set1 
ENSACAP00000003779_exon1 K80+G 672 StarBeast2 gene set1 
ENSACAP00000005126_exon23 K80+G 456 StarBeast2 gene set1 
ENSACAP00000003301_exon2 K80+G 366 StarBeast2 gene set2 
ENSACAP00000001732_exon2 K80+G 810 StarBeast2 gene set2 
ENSACAP00000004927_exon21 HKY+G 702 StarBeast2 gene set2 
ENSACAP00000002002_exon1 F81 624 StarBeast2 gene set2 
ENSACAP00000002929_exon1 HKY+G 480 StarBeast2 gene set2 
ENSACAP00000005547_exon1 K80 438 StarBeast2 gene set2 
ENSACAP00000003869_exon1 K80+G 528 StarBeast2 gene set2 
ENSACAP00000011827_exon1 K80+G 504 StarBeast2 gene set2 
ENSACAP00000019243_exon1 JC 480 StarBeast2 gene set2 
ENSACAP00000001953_exon1 K80 624 StarBeast2 gene set2 
ENSACAP00000008152_exon1 K80+G 396 StarBeast2 gene set2 
ENSACAP00000012422_exon5 K80+G 588 StarBeast2 gene set2 
ENSACAP00000000100_exon1 K80+G 534 StarBeast2 gene set2 
ENSACAP00000009963_exon1 K80+G 522 StarBeast2 gene set2 
ENSACAP00000001814_exon1 K80+G 312 StarBeast2 gene set2 
ENSACAP00000012909_exon8 K80 300 StarBeast2 gene set2 
ENSACAP00000011288_exon1 K80+G 564 StarBeast2 gene set2 
ENSACAP00000008956_exon1 HKY+G 576 StarBeast2 gene set2 
ENSACAP00000019346_exon9 K80+G 489 StarBeast2 gene set2 
ENSACAP00000002448_exon12 K80+G 378 StarBeast2 gene set2 
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 Lower limit Upper limit Distribution 
Speciation rate 10 1000 1/X 
Clock rates - - Lognormal (real-space mean = 1, sd = 1) 
Population mean 0.01 0.0001 1/X 
HKY kappa (I.I.D.) - - Lognormal (log-space mean = 1, sd = 1.25) 
Gamma rates (I.I.D.) - - Exponential (rate = 1) 
SNAPP priors 
 Lower limit Upper limit Distribution 
Speciation rate 1 100 Uniform 
Population thetas (I.I.D.) - - Gamma (scale = beta, shape = 2) 
Beta 20 200 Uniform 
 
 








Test F value p-value 
Snout vent 
length 0.48 0.06 27.47 1.05E-06 
    
Axilla to groin 
length 0.41 0.21 23.62 4.93E-06 0.38 0.50 0.05 8.21E-01 
Head length 0.10 0.08 25.23 2.56E-06 0.35 0.27 0.83 3.66E-01 
Head width 0.26 0.25 23.08 6.18E-06 0.32 0.96 0.32 5.71E-01 
Head depth 0.06 0.18 45.57 1.40E-09 0.10 0.28 10.93 1.36E-03 
Forelimb length 0.63 0.63 38.95 1.40E-08 0.39 0.60 7.39 7.89E-03 
Hindlimb length 0.26 0.14 34.76 6.42E-08 0.11 1.00 5.16 2.55E-02 
Nasals  
separation 0.16 0.15 6.04 1.59E-02 0.50 0.15 7.12 9.02E-03 
Ear aperture 
length 0.33 0.98 20.63 1.72E-05 1.82E-03 0.93 2.63 1.09E-01 
Palpebral  
distance length 0.17 0.06 10.10 2.03E-03 0.30 0.07 0.01 9.06E-01 
Eye to ear  
distance 0.09 1.51E-03 32.06 1.76E-07 0.37 0.09 3.32 7.17E-02 
MANOVA 8.37 1.37E-09   3.49 7.35E-04 
Table S3.3 Priors used for Starbeast2 and SNAPP analyses. 
Table S3.4 Summary of MANOVA results testing for significant interaction with mtDNA lineage within C. 
johnstonei. The results for testing normality and heteroscedasticity are also presented for both the log-
transformed and the log and size-corrected dataset. Bold are significant p-values for the MANOVA results. 
After removing samples with missing data, analyses were performed with a total of 92 specimens. 
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Test F value p-value 
Snout vent 
length 3.75E-05 0.90 7.62 0.00696* 
    
Axilla to groin 
length 1.38E-04 0.57 5.93 1.68E-02 0.24 0.54 0.30 5.87E-01 
Head length 3.63E-03 0.87 19.34 2.94E-05 0.02 0.33 13.92 0.00033* 
Head width 2.35E-03 0.76 7.89 6.09E-03 0.16 0.06 0.51 4.78E-01 
Head depth 1.94E-05 0.96 4.10 4.58E-02 0.04 0.81 0.53 4.68E-01 
Forelimb 
length 0.08 0.09 10.76 1.46E-03 0.24 0.61 2.80 9.75E-02 
Hindlimb 
length 5.65E-06 0.40 6.70 1.12E-02 5.93E-05 5.22E-03 0.31 5.79E-01 
Nasals  
separation 0.05 0.47 1.64 2.04E-01 0.91 0.65 3.23 7.55E-02 
Ear aperture 
length 0.16 0.33 9.99 2.14E-03 0.32 0.56 2.56 1.13E-01 
Palpebral  
distance length 2.58E-03 0.84 2.97 8.84E-02 5.69E-06 0.65 4.00E-03 9.48E-01 
Eye to ear  
distance 4.10E-03 0.60 13.41 4.18E-04 0.03 0.83 5.03 0.0273* 












Lamellae under the 3rd finger 0.162 0.065-0.257 0.049 3.302 9.60E-04 
Lamellae under the 4th toe 0.142 0.059-0.225 0.042 3.370 7.51E-04 








Lamellae under the 3rd finger 0.020 -0.083-0.125 0.053 0.378 0.705 
Lamellae under the 4th toe -0.006 -0.096-0.086 0.046 -0.121 0.904 
Ear lobules number 0.412 0.238-0.592 0.090 4.555 5.24E-06 
 
Table S3.5 Summary of MANOVA results testing for significant interaction with mtDNA lineage within C. 
triacantha. The results for testing normality and heteroscedasticity are also presented for both the log-trans-
formed and the log and size-corrected dataset. Bold are significant p-values for the MANOVA results.  
* - non-normal variables with significant support with the non-parametric Wilcoxon test. After removing 
samples with missing data, analyses were performed with a total of 94 specimens. 
Table S3.6 Summary of Generalized Linear modelling with a Poisson distribution analyses for relevant meris-
tic variables, presenting estimates and respective confidence intervals (C.I.). Bold correspond to significant 
p-values. After removing samples with missing data, analyses were performed with a total of 85 and 83 
specimens for C. johnstonei and C. triacantha, respectively. 
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 Johnstonei A Johnstonei B Triacantha A Triacantha B 
Snout vent length 36.39 (66) 41.83 (35) 36.55 (31) 40.07 (68) (21.84 - 43.49) (27.93 - 51.44) (23.78 - 44.98) (24.72 - 49.12) 
Axilla to groin length 16.31 (66) 19.13 (35) 16.12 (31) 17.62 (68) 
(8.53 - 23.86) (11.45 - 24.37) (9.56 - 21.53) (10.77 - 24.44) 
Head length 7.63 (66) 8.67 (35) 7.24 (31) 8.25 (68) (4.88 - 9.8) (5.57 - 10.61) (5.17 - 9.14) (5.34 - 10.1) 
Head width 5.45 (66) 6.17 (35) 5.53 (31) 6 (68) (3.7 - 7.04) (4.27 - 7.92) (4.06 - 6.89) (4.04 - 7.64) 
Head depth 3.59 (66) 4.48 (35) 3.57 (31) 3.81 (68) 
(1.81 - 4.49) (2.48 - 6.07) (1.59 - 4.34) (2.4 - 4.86) 
Nasals separation 2.04 (64) 2.19 (33) 2.16 (30) 2.23 (68) (1.43 - 2.46) (1.66 - 2.67) (1.67 - 2.75) (1.55 - 2.71) 
Ear aperture length 1.01 (62) 1.27 (32) 1.13 (30) 1.33 (67) (0.50 - 1.44) (0.85 - 2.16) (0.64 - 1.73) (0.69 - 1.96) 
Palpebral disc length 1.31 (62) 1.44 (32) 1.41 (30) 1.46 (67) 
(1.05 - 1.59) (1.04 - 2.13) (0.99 - 1.71) (0.92 - 1.81) 
Eye to ear distance 2.66 (62) 3.26 (32) 2.41 (30) 2.75 (67) (1.79 - 3.51) (2.10 - 4.4) (1.55 - 2.90) (1.47 - 3.61) 
Forelimb length 9.51 (63) 11.45 (33) 10.49 (29) 11.53 (67) (6.17 - 14.14) (8.60 - 13.94) (7.94 - 12.27) (7.27 - 14.54) 
Hindlimb length 14.82 (63) 17.77 (33) 16.74 (29) 18.08 (68) 
(8.80 - 20.12) (12.67 - 23.18) (10.73 - 24.01) (12.37 - 21.21) 
Lamellae under the 
3rd finger 
16.75 (63) 19.69 (35) 18.83 (30) 19.27 (62) 
(9 - 20) (17 - 23) (16 - 22) (11 - 24) 
Lamellae under the 
4th toe 
22.83 (63) 26.31 (35) 24.83 (29) 24.82 (62) 
(15 - 27) (21 - 30) (23 - 28) (18 - 30) 
Ear lobules number 9.68 (63) 13.31 (35) 5.86 (28) 8.81 (62) (5 - 16) (8 - 18) (1 - 8) (1 - 14) 
Number of keels 2 (63) 2.34 (35) 3 (30) 3 (63) (2 - 2) (2 - 3) (3 - 3) (3 - 3) 
Number of  
supraciliary scales 
6.94 (63) 6.94 (35) 6.07 (30) 5.79 (63) 
(6 - 8) (5 - 8) (5 - 7) (5 - 7) 
Number of  
Supralabial scales 
7.03 (63) 7.14 (35) 7.1 (30) 7 (63) 
(7 - 8) (7 - 8) (7 - 8) (6 - 8) 
Number of infralabial 
scales 
6.27 (63) 6.11 (35) 6.3 (30) 6.06 (63) 
(6 - 7) (6 - 7) (6 - 7) (5 - 7) 
 
Table S3.7 Descriptive table with measurements and meristic data for each main lineage within C. john-
stonei and C. triacantha. 
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Figure S3.1 mtDNA ND4 
maximum likelihood phylo-
genetic tree of Carlia tria-
cantha and Carlia john-
stonei, from Afonso Silva et 
al. (2017), with specimens 
that were analysed by mor-
phological analyses. Sam-
ple label includes tissue 























































































































































































































VALIDATION AND DESCRIPTION OF TWO NEW NORTH-WESTERN AUSTRALIAN 




























Figure S3.2 Stepping-stone 
computation of marginal 
likelihoods for Bayes factor 
species delimitation. This 
method calculates the mar-
ginal likelihoods from the 
area under the likelihood 
posterior curve. Two repli-
cate chains were run for each 
method and dataset. The 
mean likelihoods are plotted 
with + symbols for one chain, 
and ! symbols for the other. 
Segmented lines approxi-
mating the curve are plotted 
by connecting the likelihoods 
averaged for both chains. 










































































































































































Figure S3.3 Measurements taken from photos.  A) Lateral view of specimen with ear aperture length (EAL), 
eye to ear distance (EED) and palpebral disc length (PDL). C) Nasal separation (NS) measured in dorsal view. 
C) and D) correspond to forelimb (FLL) and hindlimb length (HLL) measurements in ventral view. Photos by 
Damien Esquerré. 
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Figure S3.4 Box plots for all 
log transformed variables. JA 
– Johnstonei A, JB – John-
stonei B, TA – Triacantha A, 
TB – Triacantha B. 
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Figure S3.5 Box plots for log and size corrected variables. JA – 
Johnstonei A, JB – Johnstonei B, TA – Triacantha A, TB – Tria-
cantha B. 
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Figure S3.6 PCA loadings and variables importance of PCA with log transformed data (A, B) and with size 
corrected data (C, D) for C. johnstonei and C. triacantha. 
Figure S3.7 Dorsal and ventral view of holotypes of C. insularis sp. nov. (A), specimen WAM R158646, and 
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Figure S3.8 Dorsal and ventral paratype photos for C. insularis sp. nov (A, C) and for C. isostriacantha sp. 
nov. (B, D). All photos by Damien Esquerré. 
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Figure S3.9 Photos with live animals showing breeding colours of C. insularis sp. nov. (A, photo by Russell 
Barrett) and a potential diagnostic trait in C. isostriacantha sp. nov. (B, photo by Mark Allen). The white ar-
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Background: The application of target capture with next-generation sequencing now ena-
bles phylogenomic analyses of rapidly radiating clades of species. But such analyses are 
complicated by extensive incomplete lineage sorting, demanding the use of methods that 
consider this process explicitly, such as the multispecies coalescent (MSC) model. However, 
the MSC makes strong assumptions about divergence history and population structure, and 
when using the full Bayesian implementation, current computational limits mean that rela-
tively few loci and samples can be analysed for even modest sized radiations. We explore 
these issues through analyses of an extensive (>1000 loci) dataset for the Australian rainbow 
skinks. This group consists of 3 genera and 41 described species, which likely diversified 
rapidly in Australia during the mid-late Miocene to occupy rainforest, woodland, and rocky 
habitats with corresponding diversity of morphology and breeding colouration. Previous 
phylogenetic analyses of this group have revealed short inter-nodes and high discordance 
among loci, limiting the resolution of inferred trees. A further complication is that many spe-
cies have deep phylogeographic structure – this poses the question of how to sample indi-
viduals within species for analyses using the MSC.  
Results: Phylogenies obtained using concatenation and summary coalescent species tree ap-
proaches to the full dataset are well resolved with generally consistent topology, including 
for previously intractable relationships near the base of the clade. As expected, branch 
lengths at the tips are substantially overestimated using concatenation. Comparisons of dif-
ferent strategies for sampling haplotypes for full Bayesian MSC analyses (for one clade and 
using smaller sets of loci) revealed, unexpectedly, that combining haplotypes across diver-
gent phylogeographic lineages yielded consistent species trees.  
Conclusions: This study of more than 1000 loci provides a strongly-supported estimate of 
the phylogeny of the Australian rainbow skinks, which will inform future research on the evo-
lution and taxonomy of this group. Our analyses suggest that species tree estimation with 
the MSC can be quite robust to violation of the assumption that the individuals representing 
a taxon are sampled from a panmictic population. 
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Clades that have undergone recent and rapid radiations offer unique insights into the 
processes that drive diversification. They showcase the effects of high rates of speciation, 
often driven by adaptation, and help us understand these processes in ways that are appli-
cable more generally across the tree of life [1]. A typical starting point for making inferences 
about these macro-evolutionary processes is a phylogeny of species [2], describing the his-
tory of population divergences leading to the extant taxa [3]. However, it can be challenging 
to estimate a phylogeny for rapidly radiating clades. This is because short periods between 
population divergences can lead to high levels of incomplete sorting of ancestral variation 
(incomplete lineage sorting, ILS), which manifests in phylogenetic datasets as discordance 
among gene trees [4].  
Phylogenomic methods have the potential to assist with these inferential challenges, 
by generating sequence information for hundreds or thousands of loci. In principle, these 
large samples of independent genealogies (gene trees) allow the estimation of a phylogeny 
while explicitly taking account of the genealogical discordance arising from ILS. This has 
been formalised in an approach called the multispecies coalescent (MSC) model. The 'full' 
MSC model can be used to infer a species tree and a suite of gene trees simultaneously in a 
Bayesian framework, and is implemented in several major packages [5,6]. Unfortunately, the 
full MSC is computationally intensive and, despite recent advances, its application to large 
datasets is not yet feasible [7,8]. A number of 'summary' MSC approaches have been devel-
oped, where gene trees are first estimated, and these gene trees are analysed to infer the 
species tree [9,10]. While these methods are often dramatically faster than the full MSC, and 
therefore permit analyses of larger datasets in practical computation times, they also often 
infer trees less accurately [7]. They also have other limitations, such as inferring topologies 
but not time-scaled branch lengths (e.g., ASTRAL, [11]).  
A common alternative to the MSC is to simply infer a tree based on a concatenated 
alignment of sequences from multiple loci, which is computationally tractable, but can infer 
an incorrect topology where there is extensive discordance among genealogies due to ILS 
[12]. Concatenation analyses will also over-estimate branch lengths with a proportionally 
large effect towards the tips [7], because populations must coalesce at least as recently as 
their gene trees. This potentially has serious consequences for macro-evolutionary inference, 
particularly because branch lengths might be overestimated with greater bias near the tips, 
giving the appearance of reduced rates of diversification. Here we examine a phylogenomic 
dataset for a rapidly radiating clade of lizards. We analyse the data using multiple ap-
proaches, and compare the inferred topologies and branch lengths across different meth-
ods.  
Australian skinks exemplify the opportunities and the challenges of studying clades 
that have diversified rapidly (e.g., [13-16]). Here we examine the rainbow skinks, a large clade 
that likely diversified rapidly during the mid-late Miocene. The three recognised genera of 
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rainbow skinks – Carlia, Lygisaurus and Liburnascincus – together contain more than 60 spe-
cies (http://reptile-database.reptarium.cz/; accessed 2 December, 2017). A majority of these 
species occur in Australia, but at least 23 recognised species (20 Carlia and 3 Lygisaurus) 
occur in New Guinea and Wallacea [17-20]. Resolving the number and boundaries of species 
in New Guinea (e.g., within the diverse fusca group; E. Rittmeyer, unpublished data) remains 
a work in progress. Therefore we focus on the Australian representatives of this clade, as for 
these we have a relatively robust taxonomy and extensive distributional and phylogeo-
graphic data, as well as prior phylogenetic hypotheses. The 26 recognised Australian Carlia 
species [21] are distributed across northern and eastern Australia. They inhabit leaf litter and 
rocky areas in diverse vegetation types from rainforest to arid areas, with the highest diver-
sity in dry woodland habitats in tropical Australia [18]. The 11 Australian species of Lygisaurus 
occur in mesic parts of the north and east, in rainforest, woodland and rocky habitats [17]. 
Liburnascincus consists of four species that are all restricted to rocky habitats in north-east-
ern Australia and live a truly saxicoline lifestyle [20]. The rainbow skinks reach their highest 
diversity in north-east Australia, with sites that have up to 10 species occurring in close prox-
imity.  
Previous studies of the rainbow skinks have linked their habitat affinities to aspects of 
their morphology [22-24]; for example, Liburnascincus have the long-limbed morphology 
typical of lizards in rocky habitats [23]. The Carlia species have also diversified in breeding 
colours, with males having spectacular throat and flank breeding colours that differ among 
species and show some relationship to shifts to more open habitats [24]. However, efforts to 
understand the diversification of the rainbow skinks, including macro-evolutionary analyses 
of phenotypes in relation to habitat shifts, have been hindered by the difficulty of estimating 
a robust species tree. Studies based on mitochondrial gene sequences [25] and small num-
bers of nuclear loci [26] did not resolve relationships deep in the tree, including among the 
genera, and found discordance among loci [26]. These observations are consistent with a 
rapid diversification, and high levels of ILS. Resolving the phylogeny of rainbow skinks has 
been exacerbated by phenotypically cryptic divergence in some clades, manifesting as 
deeply divergent and sometimes paraphyletic phylogeographic lineages within described 
species [27-31], which can be strongly isolated when in secondary contact [32]. Some of these 
complexes have been revised taxonomically (e.g., C. fusca group [33]; C. pectoralis group 
[34]; C. triacantha group, in part [21]) but this remains to be done for other species with deep 
phylogeographic structure (e.g., [31]).   
In this study, we explore the two major challenges in estimating the evolutionary his-
tory of rainbow skinks, both common in rapid radiations: gene tree discordance at short 
inter-nodes near the base of the tree, and cryptic diversity near the tips of the tree. We use 
exon capture sequencing [35-37] to generate a large multi-locus dataset for representatives 
of all named and current candidate species of the Australian rainbow skinks. We infer the 
relationships among species using a variety of different phylogenetic methods, including full 
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MSC (StarBEAST2, [8]) and summary MSC (ASTRAL-II, [11]) approaches, as well as maximum 
likelihood estimation of concatenated alignments.  
We also exploit well-characterised intra-specific lineage diversity in several focal spe-
cies of Carlia [29,31] to investigate the consequences of violating an assumption of MSC 
estimation: that the alleles representing each ‘taxon’ are drawn from a panmictic population. 
In many phylogenetic studies, such as ours, a modest number of samples are collected at 
different localities, and are aggregated to represent a ‘taxon’ when estimating the species 
tree. In the absence of population-level sampling, it can be difficult to determine when sam-
ples are representatives of the same panmictic population, demes that are connected by 
gene flow, or long-isolated lineages. To explore the consequences of systematic deviation 
from this assumption, we estimated species trees for a set of four closely related species of 
Carlia skinks with known, deep phylogeographic structure, drawing haplotypes for each spe-
cies (i) from the same or (ii) separate individuals within an intraspecific lineage, and (iii) from 
members of divergent lineages within species.  
In sum, we generate a phylogenomic dataset for the Australian rainbow skinks – a clade 
that has undergone a rapid radiation – and use this dataset to examine the consequences of 
different approaches to species tree analysis, including different methods for tree estima-




We obtained tissue samples for all but one of the 41 currently named species of Aus-
tralian Carlia, Lygisaurus, and Liburnascincus, (Table S4.1), the exception being Lygisaurus 
abscondita, for which no tissue was available. This includes five named taxa, Carlia insularis, 
Carlia isostriacantha, Carlia rimula, Carlia wundalthini and Lygisaurus rococo, which have not 
previously appeared in a molecular phylogeny. Two of these taxa, C. insularis and C. isostria-
cantha, were known previously as divergent lineages of C. johnstonei and C. triacantha (re-
spectively) [30], and described recently as separate species [21].  Where possible, we ob-
tained at least two samples per species. For five species of Carlia (C. amax, C. gracilis, C. 
munda, C. rubrigularis, and C. rufilatus), we used tissue samples from multiple individuals 
belonging to each of two or more known phylogeographic lineages [27,29,31]. We also in-
cluded representatives of additional candidate species, including samples of a divergent lin-
eage similar to Lygisaurus macfarlani (from the Northern Territory), and two lineages of C. 
rubrigularis (northern and southern) [27]. We obtained a sample of an undescribed C. fusca 
group species from Waro, Papua New Guinea, because several Australian species have been 
placed in this group, which is predominantly Papuan [19]. Similarly, we obtained samples for 
a Lygisaurus lineage (cf. curtus) from Papua New Guinea, to provide context for our under-
standing of the evolutionary history of the Australian Lygisaurus taxa. Finally, three outgroup 
species were included, Lampropholis coggeri, Lampropholis guichenoti and Pygmaeascincus 
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timlowi, each represented by two samples. In total, our dataset included 123 samples from 
46 ‘taxa’, including 43 recognized species (Table S4.1).  
 
4.2.2! Exon capture sequencing  
For each sample, we performed exon capture sequencing. This method uses hybridi-
zation to a set of oligonucleotide probes to produce DNA libraries that are selectively en-
riched with a set of ‘target’ loci. We followed methods described by Bragg et al. [37], and 
the same probe set, which targets 3320 protein coding exon sequences (see Dryad reposi-
tory doi:10.5061/dryad.34274 for target sequences).  
We extracted DNA from each tissue sample using the salting-out method [38]. We 
prepared barcoded sequencing libraries for each sample using a protocol described by 
Meyer and Kircher [39], with modifications described by Bi et al. [36]. The barcoded DNA 
was pooled, along with other skink samples, in groups of 56 at a time, at equimolar concen-
trations, and hybridized with the probe kit (SeqCap EZ Developer Library; NimbleGen). Hy-
bridization was performed following the manufacturer protocol, except the hybridization mix 
was modified slightly to contain: 1.2 μg of the pooled DNA, 5 μg of skink Cot-1 DNA (made 
using a method described by Trifonov et al. [40], with a sample of Lampropholis coggeri), 
and a set of 56 blocking oligos (1000 pmol). We performed Polymerase Chain Reactions 
(PCRs) to enrich the post-capture libraries (17 cycles).  
We quantitated DNA in pooled pre- and post-capture DNA libraries (Bioanalyzer) and 
used qPCR to test for enrichment of target DNA, and de-enrichment of non-target DNA 
(following Bi et al. [36]). We then sequenced the post-capture libraries using an Illumina 
HiSeq (100-bp paired-end) instrument (Biomolecular Resource Facility, Australian National 
University). Raw sequencing reads are in the NCBI short read archive (BioProject 
PRJNA289283, see Table S4.1 for BioSample numbers).  
Raw sequencing reads were cleaned using a workflow that consisted of removing du-
plicates, merging overlapping reads, and trimming poor quality bases and adaptor se-
quences. This workflow is described in detail by Singhal [41], and the code used in the pre-
sent study is archived in Dryad (doi.org/10.5061/dryad.v1d32). For each sample, we then 
assembled the clean reads using an ‘exon-specific’ approach described by Bragg et al. [37]. 
This workflow begins by identifying sequencing reads that are homologous to each exon 
(blastall 2.2.26 [42], program = blastx, expectation value = 1E-9), and performs an assembly 
of this small subset of reads (velvet version 1.2.08 [43] assemblies with K= 31, 41, 51, 61 and 
71 were merged using cap3 version 08/06/13 [44], with parameters: -o 20 –p 99). These 
contigs were trimmed to the exon sequence (flanking introns removed; exonerate 2.2.0 [45]). 
If more than one contig was assembled for a particular target locus, the best hit to the target 
was identified by a reciprocal best BLAST hit criterion (blastall 2.2.26 [42]). Using these as-
sembled target sequences for each sample as a reference, the clean sequencing reads were 
then mapped (bowtie2, version 2.2.4 [46]), heterozygous sites identified, and overlapping 
reads were used to phase heterozygous sites within target loci (Genome Analysis Toolkit, 
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version 3.3-0-g37228af [47]). This meant that alleles at heterozygous sites could be assigned 
to one of two haplotype sequences (h0 and h1), though where this was not possible, the 
reference allele was assigned to h0 and the alternate allele to h1. Finally, the workflow pro-
duced two haplotype sequences for each locus in each sample, replacing all sites with a 
genotype quality score (GQ) less than 20 with an N (unknown base). The code used to call 
compiled software and perform other tasks in sequence assembly, mapping, calling and 
phasing of heterozygous sites, and creation of haplotype sequence files, is archived in Dryad 
(doi.org/10.5061/dryad.v1d32).   
   
4.2.3! Alignments 
For each locus, we performed alignment using MACSE (v1.01b [48]). Codons were re-
moved from alignments if they contained a site with greater than 20% missing data (trimAl 
v1.4.rev15 [49]). We then estimated a gene tree using RAxML (RAxML 8.2.3 [50], -m GTR-
GAMMA –N20), performed 100 bootstrap replicates, and used these to calculate a relative 
tree certainty (TC) score [51]. TC provides an index of the information content of different 
loci based on agreement among bootstrap replicates. Among loci, we observed a positive 
association between TC score and the length of the locus alignment, and with the number 
of parsimony informative characters (Fig. S4.3). For the purposes of analysis, we identified 
two sets of loci. The first set consisted of 1384 loci containing near complete data (hereafter, 
complete loci, or “CL”). These loci had a sequence for every sample, and each sequence was 
missing data for less than 35% of sites. The second set of 304 loci was a subset of the com-
plete loci, but were also the most informative on the basis of their TC score (TC > 0.25; 
hereafter, complete and informative loci, or “CIL”). We did this because several recent stud-
ies have highlighted the importance of informative gene trees in species tree estimation 
[16,52,53]. 
 
4.2.4! Estimating the phylogeny of the Australian rainbow skinks 
In addition to exploring analytical issues, a major goal was to infer the phylogenetic 
tree for the Australian rainbow skinks and hence enable future comparative studies. We did 
this using two kinds of approaches: maximum-likelihood estimation of a tree using a concat-
enated alignment of multiple loci, and species tree estimation with the MSC (see Figure S4.1 
for a summary of inferential analyses).  
We estimated maximum likelihood trees for concatenated alignments of the CL and 
CIL data using IQTREE (1.3.5 [54]). In each case, we used the best substitution model (-m 
TEST) based on a comparison of AICc values (calculated by IQTREE). Support for the esti-
mated topology was inferred with rapid bootstrapping ([55], parameter: -bb 1000). For the 
CIL alignment, we performed a second analysis, after partitioning by locus and codon posi-
tion. Here, we placed the sites at codon positions 1 and 2 of each exon in a partition, and 
the sites at codon position 3 in another partition, and used the hclust algorithm (described 
by [56], implemented in IQTREE 1.3.5 [54]) to find a ‘best-fit’ partition model via sequential 
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merging of partitions. We did not perform a similar analysis for the CL dataset, which would 
have produced a very large number of possible partitions. To check that our inferred tree 
was supported by different implementations of maximum likelihood (identified as an issue in 
[53]), we also estimated trees for the CL and CIL alignments using RAxML 8.2.3 [50] (param-
eters -m GTRGAMMA –N20). 
We applied the MSC to the rainbow skink data in two ways. First, we used a 'summary' 
coalescent method, ASTRAL-II (4.7.9 [11]), which estimates a species tree based on previ-
ously inferred gene trees for many individual loci. We began by estimating an ASTRAL spe-
cies tree using the 1384 CL gene trees estimated with RAxML (8.2.3 [50], -m GTRGAMMA –
N20). Node support for this tree was inferred with 100 multi-locus bootstrap replicates. How-
ever, we wanted to check that our results were robust to a range of factors that can influence 
phylogenetic estimation, including the implementation used for maximum likelihood estima-
tion [53], model violation at third codon positions [57], and variation in the information con-
tent of the individual loci [16,53]. Therefore, in addition to the RAxML gene trees (approach 
“R”, Fig. S4.1), we estimated gene trees for the CL loci using two approaches. First, we 
estimated gene trees using IQTREE (-m TEST, best model selected based on AICc; approach 
“Q”). Second, we generated new alignments for the CL loci with third codon positions re-
moved, and estimated gene trees for these alignments using IQTREE (-m TEST, best model 
selected based on AICc; approach “Q12”). We estimated an ASTRAL species tree using the 
gene trees generated with each of the tree approaches (R, Q and Q12). We also estimated 
ASTRAL species trees using gene trees (approaches R, Q and Q12) for the CIL subset of loci. 
These analyses are summarised in Fig. S4.1. 
Finally, we used StarBEAST2 (version 0.6.1 [8]), an implementation of the 'full' MSC, to 
jointly infer the species tree of the rainbow skinks along with a set of gene trees, in a Bayesian 
Markov Chain Monte Carlo framework. This approach is very computationally intensive, such 
that it was only possible to run for relatively small numbers of loci. With this dataset, we had 
difficulty obtaining convergence for StarBEAST2 chains when using more than 32 loci. We 
therefore performed an ensemble of nine separate StarBEAST2 runs, using different sets of 
32 loci that were selected randomly (without replacement) from the CIL alignments. Each 
StarBEAST2 [8] run used analytical population size integration, gene tree relaxed clocks, an 
HKY + Γ nucleotide substitution model (with a single κ value and a single α value shared 
across all the data, and four gamma rate categories), and a chain length of 227 states (sam-
pled every 215 states) (for details of implementation, see example xml in dryad repository 
doi.org/10.5061/dryad.v1d32).  
For trees inferred with MSC methods, Table S4.1 indicates how samples were assigned 
to the 46 ‘taxa.’ Note that C. triacantha and C. isostriacantha were treated as a single ‘taxon’ 
(for MSC analyses), prior to the recent description of C. isostriacantha [21]. Molecular diver-
gence between these two taxa is low, and similar to that among lineages within other species 
as currently recognised. As such, we do not expect this grouping to unduly distort species 
tree analyses (as also demonstrated below). By contrast the newly described Carlia insularis 
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[21] was treated as a taxon separate from its sister, C. johnstonei, as there is much deeper 
molecular divergence between these two taxa [30].  
We estimated trees for the rainbow skinks using a variety of different approaches, and 
we compared these trees in two ways. First, we compared topologies by calculating Robin-
son-Foulds distances (function ‘RF.dist’ in the R [58] package phangorn [59]). Second, we 
compared the branch lengths estimated by concatenation and MSC methods. We assessed 
this using an MSC tree whose topology was estimated using ASTRAL, with branch lengths 
set to the average ancestor heights from the nine StarBEAST2 posterior distributions. We 
then calculated the depth of each node in this tree relative to the depth of the base. We 
compared this to the concatenation tree that was estimated with the CL dataset, after per-
forming a similar normalization. We forced the concatenation tree to be ultrametric (using 
the function ‘chronos’ in the R [58] package ape [60]), and calculated the depth of each node 
relative to the base. We note that concatenation trees (where each tip is a sample) contain 
more tips than species trees (where each tip is a ‘taxon’). To make comparison of trees mean-
ingful, tips were dropped from concatenation trees so that each ‘taxon’ (as used in MSC 
analyses) was represented by one randomly-selected sample. 
 
4.2.5! Assigning alleles to taxa in the multispecies coalescent 
To investigate how violation of the assumption of panmictic ‘taxa’ might affect MSC 
estimation of the species tree, we identified a 'focal' dataset, consisting of a clade of nine 
taxa that contained several species with well-characterized, deeply divergent lineages (see 
Table S4.1). We chose samples from two diverged lineages from four species (Carlia amax 
[29]; C. munda, C. rufilatus and C. gracilis [31]) to use in an experiment (listed in Table S4.1, 
focal clade lineage experiment). Here we used the full MSC to estimate a species tree for 
the clade using two alleles from each taxon, where these alleles were from: (i) a single indi-
vidual (the two haplotypes from a single diploid; treatment “1S” or one sample), (ii) different 
individuals from the same lineage (treatment “2S1L,” or 2 samples, from 1 lineage), and (iii) 
individuals from different lineages (treatment “2S2L,” or 2 samples from 2 lineages). These 
treatments were chosen to reflect different kinds of violations of the assumptions that a 
taxon represents an undivided population. In the 1S treatment, the two haplotypes from a 
single individual would reflect genetic variation in a population in the unlikely event mating 
is random. The 2S2L treatment, where samples are drawn from different lineages, is a clear 
and deliberate violation of the assumption that the samples are drawn from the same pop-
ulation. We expect that the 2S1L treatment is a closer fit (relative to 1S and 2S1L) to the 
assumptions of the MSC, allowing somewhat for isolation by distance. For each treatment, 
we performed nine replicate MSC analyses, each used a set of 32 loci that were randomly 
selected (without replacement) from among the CL alignments, and that were used for the 
StarBEAST2 analyses (implemented as described above for the whole clade). For each rep-
licate, and each treatment, we chose the two alleles used in the analysis at random. That is, 
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Figure 4.1 Phylogeny of the Australian rainbow skinks based on a concatenated alignment of 1384 exon 
sequences. This tree was estimated by maximum likelihood (implemented in IQTREE), and node labels indi-
cate the percentage of bootstrap support (where less than 100). Clades are represented as triangles where a 
‘taxon’ had more than three samples.     
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for treatment 1S, we chose an individual at random from among the set of candidates (indi-
cated in Table S4.1), and used both haplotypes from that sample in the MSC analysis. For 
2S1L, we selected a lineage at random to represent each taxon, and used an allele from each 
of two individuals from that lineage. For the 2S2L treatment, we used an allele from one 
randomly chosen individual from each of two diverged lineages to represent each taxon in 
the MSC analysis.   
 
4.3! Results 
We begin with a brief summary of sequencing quality and coverage statistics (Fig. 
S4.2). We then describe the phylogeny we inferred for the Australian rainbow skinks, with a 
focus on agreement and conflict among trees estimated using different approaches. We next 
present the results of experiments that show how the assignment of alleles to taxa can affect 
phylogenetic estimation under the MSC.  
 
4.3.1! Exon capture sequencing 
Across the 123 samples, we assembled sequences for an average of 2606 loci, and a 
minimum of 2364 loci. The sequencing depth of coverage for these loci was high, with an 
average of 131.4x (see Fig. S4.2). In sum, we performed high-coverage sequencing of thou-
sands of loci, applied stringent thresholds for data completeness (resulting in the CL set, 
described in Methods), and performed subsequent analyses using high quality sequence 
data. 
 
4.3.2! Phylogenetic estimation using concatenation and species tree methods 
We estimated the genetic relationships among members of the Australian rainbow 
skinks using a variety of approaches (see Methods, Fig. S4.1), including concatenation (Fig. 
4.1) and multispecies coalescent (MSC) analyses (Fig. 4.2). The trees inferred using different 
approaches were often concordant, especially at nodes that were estimated with high levels 
of bootstrap support. Our topology also largely supports those clades that were inferred 
with high confidence in a previous study [26], including monophyly of the rainbow skink gen-
era, though with interesting exceptions, which are discussed below.  
The trees we inferred using concatenated alignments received high levels of bootstrap 
support at almost all nodes (Fig. 4.1). In all but three cases (C. sexdentata, C. rubrigularis and 
C. pectoralis), conspecific samples form clades, consistent with the assignments of samples 
to taxa used in species tree analyses (Table S4.1). When we compare trees that were esti-
mated using the concatenated CL versus concatenated CIL datasets, or used partitioned 
versus un-partitioned alignments (CIL), the topologies were highly concordant (i.e., low RF 
distances), except at a small number of nodes (Fig. 4.3).  
The ASTRAL analyses also produced trees with strong bootstrap support (Fig. 4.2). 
Again, there was little difference in the topologies of the trees we inferred using the CL 
versus CIL datasets, or when we estimated the gene trees excluding third codon positions  
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Figure 4.2 Phylogeny of the Australian rainbow skinks estimated using the multispecies coalescent (MSC). 
This topology was inferred using ASTRAL, based on gene trees for 304 loci (the CIL set, see text), and node 
labels indicate the percentage of bootstrap support (where less than 100). The branch lengths of this tree 
were calculated using mean ancestor heights from nine StarBEAST2 analyses, each based on a different set 
of 32 loci.  
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(Fig. 4.3). Overall, there was high concordance between the trees estimated using concate-
nated alignments, and those estimated using ASTRAL (Fig. 4.3). 
However, the nine species trees we inferred using StarBEAST2, each based on a dif-
ferent set of 32 loci, often had topologies that conflicted with those estimated using AS-
TRAL, and with each other (Fig. 4.3). It is possible there is greater discordance among the 
StarBEAST2 analyses because each considers a much smaller sample of different genealo-
gies (32 loci) than the concatenation and summary coalescent methods.  
We also compared the branch lengths estimated by concatenation (shown in Fig. 4.1) 
and MSC (shown in Fig. 4.2) methods. In Fig. 4.4, we have plotted the relationships between 
the node depths estimated by the MSC (horizontal axis) and concatenation (vertical axis). 
We observe that many of the values lie above the line (see Figs 4.4 a and b), meaning that 
these node depths are overestimated (relative to the base of the tree) by concatenation. 
This is particularly common for nodes near the tips of the tree (Fig. 4.4b).  
 
Figure 4.3 Topological discordance between phylogenies estimated using different methods. Most broadly, 
the different methods included concatenation, a summary MSC approach (ASTRAL) and the full MSC (Star-
BEAST2). We also performed analyses using different maximum likelihood implementations (RAxML, R; 
IQTREE, Q), partitioning (QP), and analyses that excluded third codon positions (Q12) (see Fig. S4.1). In this 
matrix, the color of each cell indicates the Robinson-Foulds distance between trees estimated using two 
different methods, or in the case of the StarBEAST2 trees, between one of the nine replicate analyses.  
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4.3.3! Assignment of alleles to taxa and the MSC 
In the experiment comparing sampling strategies (1S1L, 2S1L and 2S2L) there was var-
iation in maximum clade credibility topologies among the 27 MSC analyses (Fig. 4.5b). How-
ever, the trees inferred across the nine replicates using the 2S2L treatment were more similar 
topologically to each other, and to the ASTRAL and concatenation trees, than were the trees 
inferred across replicates using the other two sampling approaches (Fig. 4.5). Additionally, 
the trees estimated by StarBEAST2 for the 2S2L treatment tended to have greater values for 




4.4! Discussion  
4.4.1! Comparing approaches of phylogenetic estimation 
When we estimated the phylogeny of the Australian rainbow skinks using different 
approaches, the topology was affected little by several factors that have been important in 



















































































































































Figure 4.4 The relationship be-
tween node depths (relative to 
the base node) for species trees 
that were estimated using the 
multispecies coalescent (MSC) a 
concatenated alignment (inferred 
by maximum likelihood). In (a) the 
bivariate relationship between 
the inferred depths is shown, and 
in (b) the difference between the 
height inferred by concatenation 
and the MSC is shown, as a pro-
portion of the depth inferred by 
the MSC [ (concatentation – MSC) 
/ MSC].  
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the removal of third codon positions prior to analysis [57]. The topologies we inferred using 
concatenation and summary coalescent methods were also similar. While our results were 
largely robust to these factors, we note that this might not be true in general – for example 
in analyses of deeper relationships where mutational biases are more complex, or among 
closely related taxa where there is substantial introgression [61]. 
We observed greater discordance in topologies estimated with StarBEAST2, possibly 
because each of our StarBEAST2 analyses (necessarily) used fewer loci. This observation is 
consistent with the findings of Blom et al. [16], who analysed exon sequence data for a dif-
ferent, but also rapidly radiating, clade of Australian skinks, and found that species trees 
inferred using fewer than 80 loci were often discordant, but when a greater number of in-
formative loci were used in analyses, species trees tended to converge on the same topol-
ogy.  With ongoing improvements in computational efficiency of StarBEAST2 [8], it should 
become possible to revisit full Bayesian species tree analysis for the taxa examined here. 
Finally, our study corroborates previous observations that concatenation analyses overesti-
mate the inferred depths of nodes near the tips of trees [7]. While this result was expected, 
it is useful to document this pattern, because it might have substantial consequences for 
downstream applications, such as macro-evolutionary analyses that examine the rate of di-
vergence events through time.  
 
4.4.2! Assignment of alleles to taxa and the MSC 
We found it interesting that trees generated using the 2S2L sampling strategy treat-
ment were relatively similar to each other and to the ASTRAL and concatenation trees, given 
that this treatment grossly and intentionally violates the panmixia assumption of the MSC. It 
is possible that the co-estimation of effective population size (Ne), as implemented in Star-
BEAST2, is adjusting appropriately for the extra diversity within taxa that are represented by 
alleles from different lineages. This possibility is supported by the observation of greater 
observed Ne values for the 2S2L treatment. In sum, these analyses show that the sampling 
of alleles for different taxa has consequences for trees and other parameters that are esti-
mated with the MSC. However, the results do not add support to the concern that motivated 
our analysis, which was that deep intraspecific lineage diversity, and violation of relevant 
assumptions, might compromise phylogenetic inference. We suggest it would be worthwhile 
to further explore this question through a simulation study. Here datasets might be simu-
lated for clades with known (prescribed) species trees, and where the ‘species’ contain line-
ages with different and contrasting divergence times. The simulated datasets could then be 
sampled, to test whether different sampling strategies were more likely to recover the 
known, true, tree.  
 
4.4.3! Phylogeny and taxonomy of the Australian rainbow skinks 
In the phylogeny that we estimated for the rainbow skinks, each of the genera – Carlia, 
Lygisaurus and Liburnascincus – was monophyletic. There was an exception, in that Carlia 
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rimula was placed in a clade with all members of Lygisaurus, as sister to Ly. parrhasius (Figs. 
4.1 and 4.2). The morphological similarity between Carlia rimula and Lygisaurus parrhasius 
was noted previously in a phylogenetic study [26] (see also [19]), but genetic data were not 
then available for Carlia rimula. Based on our comprehensive and well-resolved phylogeny, 
we reassign C. rimula (Ingram and Covacevich 1980) [62] to the genus Lygisaurus, forming 















































































































































Figure 4.5 Outcomes of full MSC (StarBEAST2) analyses for a focal clade of 9 taxa of rainbow skinks, using 
three different ‘treatments’ for the assignment of alleles to each taxon. A. The phylogeny, as estimated using 
a concatenated alignment (also shown in Fig. 4.1), illustrates the level of divergence between lineages in the 
species (C. amax, C. gracilis, C. munda and C. rufilatus) whose sampling was manipulated in the experimental 
treatments (1S, 2S1L, 2S2L; described in text). Support values (on the nodes of A) show the support, across 
the 9 replicate posterior distributions, in the species trees estimated using the 1S, 2S1L, 2S2L treatments 
(respectively). B. The level of discordance (unrooted Robinson-Foulds distance) is shown among trees esti-
mated with the 9 replicates of the tree treatments (maximum clade credibility trees), as well as the concate-
nation tree (A), and the topology estimated with ASTRAL (and shown in Fig. 4.2). C. The tree height and Ne 
values estimated by each of the replicates, shown as the mean (± s.d.) of 100 samples from the posterior 
distribution of each chain. Here treatment 1S shown in blue, 2S1L in black, and 2S2L in green. 
PHYLOGENOMICS OF A RAPID RADIATION:  




Among genera, Liburnascincus and Lygisaurus consistently formed a clade, to the ex-
clusion of Carlia (Fig. 4.1, 4.2). This finding is inconsistent with previous estimates of the 
relationship among these genera, which placed Carlia and Lygisaurus in a clade, to the ex-
clusion of Liburnascincus [26,63], albeit with low support. Our phylogenomic data now pro-
vide strong support for generic relationships.   
Within each genus, the relationships we inferred among species were often concordant 
with previous studies, but with notable exceptions. For the genus Carlia, our analyses sup-
port or modify several monophyletic groups identified by Dolman and Hugall [26], which 
then informed a set of 'species-groups' that were nominated by Zug [19], and extended by 
Hoskin [64]. For instance, we observe a clade from north Queensland corresponding to the 
fusca species group [19], containing a New Guinea representative of the fusca group (C. 
waro sp.), C. sexdentata, C. longipes and C. quinquecarinata. However, in contrast to previ-
ous studies, we find this group is part of a larger clade that includes C. storri, C. schmeltzii 
and C. rostralis (Fig. 4.1). In particular, the placement of C. rostralis in this clade deviates 
substantially from previous observations [26] and assignments [19].  
The northeast Queensland rainforest-dwelling rhomboidalis species group [19] was 
supported as a clade in our analysis, consisting of C. rhomboidalis and C. rubrigularis. We 
also estimated a tree that places newly described C. wundalthini in this clade, as suggested 
by Hoskin [64]. We find that C. wundalthini is sister to the northern lineage of C. rubrigularis, 
while the southern lineage of C. rubrigularis is sister to C. rhomboidalis, confirming initial 
multilocus analysis by Dolman and Moritz [27]. A taxonomic revision of this group is in pro-
gress (S. Singhal et al., unpublished).   
We inferred a widespread eastern Australian clade within Carlia containing the species 
C. vivax, C. dogare, C. pectoralis, C. decora, C. rubigo and C. inconnexa. Three of these 
species, C. decora, C. rubigo and C. inconnexa, were formerly included in C. pectoralis [34]. 
Carlia rubigo and C. inconnexa formed a clade with C. pectoralis, which supports morpho-
logical data suggesting these are three sister species [34]. The two C. pectoralis samples in 
the concatenated tree (Fig. 4.1) are not monophyletic; however, both ‘C. pectoralis’ samples 
come from an area of uncertainty between the known distributions of C. pectoralis and C. 
rubigo [34], and it is possible that sample ABTC76957 (Blackdown Tableland) is a misidenti-
fied C. rubigo. Carlia decora was sister to C. vivax in our phylogenies, supporting previously 
noted morphological similarity and species group assignment [34,64].   
Finally, for Carlia, we found substantial support for a clade containing the remaining 
nine taxa: eight of these are from the monsoonal tropics of northern Australia, but one, C. 
tetradactyla, is widespread in the southeast of the continent. Different methods sometimes 
produced conflicting estimates for relationships within this clade, particularly near its base. 
For instance, concatenation and summary coalescent (ASTRAL) analyses inferred strongly 
that C. jarnoldae is the sister to all other members of this clade (Figs 4.1, 4.2), whereas Star-
BEAST2 analyses of this focal clade (Fig. 4.5a), which often placed C. gracilis sister to the 
rest of the clade, or supported a clade consisting of C. jarnoldae and C. gracilis, albeit with 
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low posterior probabilities for these clades. Other relationships were strongly supported 
across all analyses. We found strong and consistent support for C. munda and C. rufilatus as 
sister taxa, contradicting previous observations [26]. A clade containing C. insularis, C. john-
stonei, and C. triacantha / C. isostriacantha was strongly supported across all analyses. Within 
this clade, we inferred different topologies. For instance, the concatenation analysis shown 
in Fig. 4.1 inferred that C. johnstonei and C. insularis are sister taxa (consistent with [21]), 
while the MSC analysis shown in Fig. 4.2 inferred that C. johnstonei and C. triacantha / C. 
isostriacantha are sister taxa (again with equivocal node support).  Here the key point, sup-
ported by both analyses, is that the two divergence events separating these three lineages 
occurred in relatively quick succession.   
Within Lygisaurus, we inferred two major clades, the smaller of which consisted of Ly. 
sesbrauna, samples allied to Ly. macfarlani from northern Australia, and samples allied to Ly. 
curtus from Papua New Guinea. The larger clade contained all the other sampled taxa of 
Lygisaurus, as well as ‘Carlia rimula’ (as noted above). This is interesting because Lygisaurus 
therefore consists of a widespread and diverse clade of north-east Australian species, occu-
pying a variety of habitats from rainforest to arid areas and rock outcrops, and a clade that 
occurs in New Guinea and far north-eastern Australia. The two clades overlap in mesic forest 
of Cape York Peninsula. 
In Liburnascincus, the widespread Li. mundivensis is most divergent, excluded from a 
clade containing the narrowly distributed species Li. scirtetis, Li. coensis and Li. artemis (Fig. 
4.1, 4. 2), though the relationships within the latter clade were not well resolved in our anal-
yses (Fig. 4.2). Liburnascincus mundivensis is found in rocky habitat over a large area of north-
east Australia, whereas the other three species have highly localized distributions around 
boulder-fields and isolated rocky ranges on Cape York.  Morphological and mtDNA similarity 
had previously been noted between Li. artemis and Li. mundavensis [65] but our phylogenies 
clearly place Li. artemis in a clade with the other highly localised species. 
 
4.5! Conclusions 
This study provides a well-resolved estimate of the phylogeny of the Australian rain-
bow skinks. Diversification processes in this group are of great interest given their habitat 
and phenotypic diversity in tropical Australia, often involving many sympatric species [24]. 
The tree is based on data from a large number of loci, and is largely robust to different 
inferential approaches. It provides strong support for many previously identified clades and 
resolved others that have remained uncertain despite previous morphological and genetic 
studies. This provides the foundation for resolving the evolution and taxonomy of this group. 
Here we have advanced the taxonomy by formally reassigning one species (Carlia rimula to 
Lygisaurus rimula).  
Our phylogeny also highlights the extent of deep lineage divergence within some spe-
cies, often with little corresponding morphological differentiation, and this will be followed 
by detailed taxonomic studies. Here we explored how this intraspecific diversity might affect 
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phylogenetic estimation, by performing an experiment where samples from diverged intra-
specific lineages were deliberately placed together in ‘taxa’ for MSC analyses, violating the 
assumption of panmixia. We did not observe a substantial effect of this experimental treat-
ment on the topology of inferred trees, and suggest that this might be an interesting topic 
for a future simulation study.  
Finally, our phylogeny will provide an enhanced context for studies examining trait 
evolution of the rainbow skinks, their adaptation to varied habitats, and their biogeographic 
patterns. Additionally, we expect future studies will improve the resolution of clade mem-
berships of Carlia and Lygisaurus from New Guinea and Wallacea, providing further insights 
into diversification processes across the region.  
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Fig. S4.1 A guide to the phylogenetic analyses performed in this study (see text for more details of 
methods). We sequenced a total of 3320 loci. After making alignments, we had 1384 loci with highly 
complete data, and designate these CL. Of these, we identified a set of 304 loci that were also 
highly phylogenetically informative, and these are designated CIL. We performed both concate-
nated and summary coalescent (ASTRAL) analyses of the CL and CIL data. We checked these anal-
yses were robust to different analytical approaches by using different implementations (RAxML, R; 
IQTREE, Q), partitioning (QP) and excluding third codon positions (Q12). We also chose 9 sets of 32 
loci at random (without replacement) from the CL data, and for each of these, performed a species 
tree analysis using StarBEAST2. Finally, we performed an experiment that systematically manipu-
lated the way alleles were selected to represent taxa in StarBEAST2 analyses, and ran these analyses 
for a focal clade of 9 taxa. 
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Table S4.1 Information about samples used in this phylogenomic study of the rainbow skinks. For 
each sample, the genus and species is given along with a tissue number and the collection where the 
sample was obtained. A short read archive BioSample number is also provided. Where samples have 
been used in published articles previously, a citation is given. The library name of the sample (used 
for sequencing) is provided. The column Species also corresponds to the ‘taxon’ to which samples 
were assigned in MSC analyses. For samples that were used in the ‘Focal Clade’ experiment, names 
of corresponding lineages are provided (in the Focal Clade column). NTM – Northern Territory Mu-
seum; SAM – South Australia Museum; WAM – Western Australia Museum; ANU – Australian National 
University; AM – Australian Museum; QM – Queensland Museum; JCU – James Cook University. * In 
StarBEAST2 analyses of the rainbow skink clade, these samples were included in the ‘taxon’ Carlia 
triacantha, prior to the description of Carlia isostriacantha. 
Fig. S4.2 Histogram showing the 
distribution of sequencing coverage 
(averaged across the assembled 
loci) for 123 skink samples.  
Fig. S4.3 The relationship 
between the relative tree 
certainty score (TC; includ-
ing all conflicting biparti-
tions [50]) of the CL align-
ments, and their (A) length 
and (B) number of parsi-
mony informative charac-
ters (PICs). 
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Genus Species Tissue Collection BioSample (SRA) Citation Library Focal Clade 
Carlia amax ABTC29892 NTM SAMN04420550 [29] SP03_25 ECI 
Carlia amax ABTC11961 SAM SAMN04420538 [29] SP03_26  
Carlia amax ABTC72760 SAM SAMN04420560 [29] SP03_30  
Carlia amax R36590 NTM SAMN04420576 [29] SP03_36  
Carlia amax ABTC29886 NTM SAMN04420549 [29] SP04_11  
Carlia amax ABTC29931 NTM SAMN04420551 [29] SP04_17 ECI 
Carlia amax ABTC28693 NTM SAMN04420544 [29] SP04_18  
Carlia amax R114401 WAM SAMN04420563 [29] SP04_33  
Carlia amax R171890 WAM SAMN04420569 [29] SP04_34  
Carlia amax R28957 NTM SAMN04420571 [29] SP04_37  
Carlia amax A002942 QM SAMN04420533 [29] SP04_55  
Carlia amax ABTC72498 SAM SAMN05207399 [31] SP11_29 ETE 
Carlia amax CCM1996 ANU SAMN05207400 [31] SP11_30 ETE 
Carlia insularis R117953 WAM SAMN06927852 [30] AS01_45 INS 
Carlia insularis R117967 WAM SAMN06927853 [30] AS01_46 INS 
Carlia decora conx5115 QM SAMN05207333  SP07_4  
Carlia decora conx5116 QM SAMN05207353  SP08_4  
Carlia dogare ABTC32199 QM SAMN05207334  SP07_5  
Carlia dogare ABTC32200 QM SAMN05207354  SP08_5  
Carlia gracilis CCM0457 ANU SAMN05207314 [31] SP05_14  
Carlia gracilis ABTC30644 NTM SAMN04420554 [29] SP05_2 ETE 
Carlia gracilis CCM1135 ANU SAMN05207316 [31] SP05_23 KIM 
Carlia gracilis CCM0957 ANU SAMN05207317 [31] SP05_9 KIM 
Carlia gracilis ABTC11793 SAM SAMN05207392 [31] SP11_1 ETE 
Carlia gracilis ABTC28428 NTM SAMN05207393 [31] SP11_10  
Carlia gracilis CCM0958 ANU SAMN05207406 [31] SP11_6  
Carlia inconnexa J89138 QM SAMN05207355  SP08_7  
Carlia inconnexa J89132 QM SAMN05207391  SP10_56  
Carlia jarnoldae ABTC1107 QM SAMN05207336  SP07_8 JAR 
Carlia jarnoldae ABTC77191 SAM SAMN05207356 [30] SP08_8 JAR 
Carlia johnstonei R171237 WAM SAMN06927836 [30] AS01_29  
Carlia johnstonei CCM0934 ANU SAMN06927837 [30] AS01_30 JOH 
Carlia johnstonei R117726 WAM SAMN06927838 [30] AS01_31 JOH 
Carlia johnstonei MCZA28608 WAM SAMN06927854 [30] AS01_47  
Carlia longipes ABTC11002 AM SAMN05207337  SP07_9  
Carlia longipes ABTC51118 SAM SAMN05207357  SP08_9  
Carlia munda R131750 WAM SAMN05207312 [31] SP04_43  
Carlia munda ABTC10845 AM SAMN05207318 [31] SP07_10 BRD 
Carlia munda ABTC10846 AM SAMN05207338 [31] SP08_10 BRD 
Carlia munda ABTC102927 QM SAMN05207401 [31] SP11_33  
Carlia munda ABTC72508 NTM SAMN05207402 [31] SP11_44  
Carlia munda ABTC28277 NTM SAMN05207403 [31] SP11_45  
Carlia munda ABTC10977 AM SAMN05207404 [31] SP11_46 ETE 
Carlia munda ABTC28960 NTM SAMN05207405 [31] SP11_47 ETE 
Carlia pectoralis ABTC76882 SAM SAMN05207322  SP07_14  
Carlia pectoralis ABTC76957 SAM SAMN05207342  SP08_14  
Carlia quinquecarinata ABTC102373 QM SAMN05207323  SP07_15  
Carlia quinquecarinata ABTC102374 QM SAMN05207343  SP08_15  
Carlia rhomboidalis ABTC80487 SAM SAMN05207387  SP10_20  
Carlia rhomboidalis ABTC14188 SAM SAMN05207388  SP10_28  
Carlia rostralis A006771 QM SAMN05207372  SP09_26  
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Genus Species Tissue Collection BioSample (SRA) Citation Library Focal Clade 
Carlia rostralis A006581 QM SAMN05207373  SP09_27  
Carlia rubigo J89141 QM SAMN05207325  SP07_17  
Carlia rubigo J89142 QM SAMN05207345  SP08_17  
Carlia rubrigularis North SS33 ANU SAMN03787456 [29] SP03_6  
Carlia rubrigularis North ABTC11016 AM SAMN05207324  SP07_16  
Carlia rubrigularis North ABTC11021 AM SAMN05207344  SP08_16  
Carlia rubrigularis South SS46 ANU SAMN03787434 [37] SP02A_7  
Carlia rubrigularis South ABTC77086 SAM SAMN05207386  SP10_18  
Carlia rufilatus CMWA35 ANU SAMN05207313 [31] SP04_9 KIM 
Carlia rufilatus R27658 NTM SAMN05207315 [31] SP05_16  
Carlia rufilatus ABTC29321 NTM SAMN05207394 [31] SP11_16 ECI 
Carlia rufilatus ABTC29295 NTM SAMN05207395 [31] SP11_17 ECI 
Carlia rufilatus CCM0677 ANU SAMN05207396 [31] SP11_22  
Carlia rufilatus ABTC29941 NTM SAMN05207397 [31] SP11_24  
Carlia rufilatus ABTC28405 AM SAMN05207398 [31] SP11_28 KIM 
Carlia schmeltzii ABTC11024 AM SAMN05207326  SP07_18  
Carlia schmeltzii ABTC77118 SAM SAMN05207346  SP08_18  
Carlia sexdentata ABTC10982 AM SAMN05207327  SP07_19  
Carlia sexdentata ABTC10985 AM SAMN05207347  SP08_19  
Carlia sp. (Waro) ABTC44734 AM SAMN05207335  SP07_6  
Carlia storri A010492 QM SAMN05207380  SP09_40  
Carlia storri ABTC53601 SAM SAMN05207389  SP10_29  
Carlia tetradactyla ABTC11042 AM SAMN05207328  SP07_20 TET 
Carlia tetradactyla ABTC17099 SAM SAMN05207348  SP08_20 TET 
Carlia isostriacantha* R168590 WAM SAMN06927823 [21] AS01_16  
Carlia triacantha R139010 WAM SAMN06927841 [21] AS01_34 TRI 
Carlia triacantha ABTC29091 SAM SAMN06927846 [21] AS01_39  
Carlia triacantha CCM1859 NTM SAMN06927848 [21] AS01_41 TRI 
Carlia isostriacantha* ABTC29851 SAM SAMN06927812 [21] AS01_5  
Carlia vivax A006791 QM SAMN05207376  SP09_3  
Carlia vivax A007267 QM SAMN05207379  SP09_4  
Carlia wundalthini conx5328 JCU SAMN05207374  SP09_28  
Carlia wundalthini conx5330 JCU SAMN05207382  SP09_56  
Lampropholis coggeri SS60 ANU SAMN03787435 [37] SP02A_4  
Lampropholis coggeri SEW8451 ANU SAMN03787429 [37] SP02A_5  
Lampropholis guichenoti ABTC12335 SAM SAMN05207329  SP07_28  
Lampropholis guichenoti ABTC79668 SAM SAMN05207349  SP08_28  
Liburnascincus artemis conx5371 JCU SAMN05207375  SP09_29  
Liburnascincus artemis conx5373 JCU SAMN05207377  SP09_30  
Liburnascincus coensis A004566 QM SAMN05207365  SP09_17  
Liburnascincus coensis A002088 QM SAMN05207366  SP09_18  
Liburnascincus mundivensis ABTC10839 AM SAMN05207319  SP07_11  
Liburnascincus mundivensis ABTC77119 SAM SAMN05207339  SP08_11  
Liburnascincus scirtetis A002000 QM SAMN05207367  SP09_19  
Liburnascincus scirtetis A004721 QM SAMN05207369  SP09_20  
Lygisaurus aeratus ABTC10855 AM SAMN05207381  SP09_5  
Lygisaurus aeratus A007261 QM SAMN05207383  SP09_6  
Lygisaurus cf. curtus ABTC44460 AM SAMN05207320  SP07_12  
Lygisaurus cf. curtus ABTC46164 AM SAMN05207340  SP08_12  
Lygisaurus cf. macfarlani ABTC30000 NTM SAMN05207331  SP07_30  
Lygisaurus cf. macfarlani ABTC29123 NTM SAMN05207351  SP08_30  
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Genus Species Tissue Collection BioSample (SRA) Citation Library Focal Clade 
Lygisaurus macfarlani conx5614 JCU SAMN05207378  SP09_39  
Lygisaurus foliorum ABTC10971 AM SAMN05207330  SP07_29  
Lygisaurus foliorum ABTC72910 SAM SAMN05207350  SP08_29  
Lygisaurus laevis SEW8024 ANU SAMN03787451 [37] SP03_17  
Lygisaurus laevis A001848 QM SAMN05207359  SP09_10  
Lygisaurus laevis A000355 QM SAMN05207360  SP09_11  
Lygisaurus malleolus A006602 QM SAMN05207361  SP09_12  
Lygisaurus malleolus A006770 QM SAMN05207362  SP09_13  
Lygisaurus parrhasius ABTC31977 QM SAMN05207321  SP07_13  
Lygisaurus parrhasius ABTC31978 QM SAMN05207341  SP08_13  
Carlia rimula A004565 QM SAMN05207358  SP09_1  
Carlia rimula A004595 QM SAMN05207368  SP09_2  
Lygisaurus rococo LR7 JCU SAMN05207332  SP07_31  
Lygisaurus rococo LR11 JCU SAMN05207352  SP08_31  
Lygisaurus sesbrauna A004711 QM SAMN05207363  SP09_15  
Lygisaurus tanneri A004762 QM SAMN05207364  SP09_16  
Lygisaurus tanneri ABTC32197 QM SAMN05207390  SP10_30  
Lygisaurus zuma A000129 QM SAMN05207384  SP09_8  
Lygisaurus zuma A007790 QM SAMN05207385  SP09_9  
Pygmaeascincus timlowi A001585 QM SAMN05207370  SP09_21  
Pygmaeascincus timlowi A007378 QM SAMN05207371  SP09_22  
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5.! DISSECTING INTROGRESSION USING EXON CAPTURE 
DATA FROM SYMPATRIC RAINBOW SKINKS ACROSS THE 




Ana C. Afonso Silva1,2, Sally Potter1, Mozes P. K. Blom3, Jason G. Bragg4, 
Carlos Fernandes2, Maria Manuela Coelho2 and Craig Moritz1 
 
 
1Division of Ecology and Evolution, Research School of Biology and Centre for Biodiversity 
Analysis, Australian National University, Acton, ACT, Australia. 
2cE3c - Centre for Ecology, Evolution and Environmental Changes, Faculdade de Ciências, 
Universidade de Lisboa, Lisboa, Portugal. 
3Department of Bioinformatics and Genetics, Swedish Museum of Natural History, Stock-
holm, Sweden 













The original work described in this chapter is in preparation to be submitted in 
the journal Molecular Ecology.  
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The increasing availability of sequence data in the age of genomics has provided 
stronger evidence of introgression between diverging species than previously thought. Ad-
ditionally, new statistical tools have been developed to improve our ability to distinguish 
incomplete lineage sorting from events of past introgression, allowing us to understand how 
introgression has influenced species evolutionary histories and the role of hybridization on 
species persistence in more or less unstable environments. 
Here we study introgression patterns between six closely related and often sympatric 
rainbow skink species from the Australian Monsoonal Tropics, a region with high biodiversity 
and prevalence of morphologically cryptic lineages within species. Using exon capture se-
quence data from >1700 loci, we test for recent admixture, ancient introgression between 
species and among lineages that overlap in regions with contrasting climatic histories.  
 Despite broad overlap in geographic distributions, we detected a negligible signa-
ture of recent admixture between species despite only moderate genetic divergence, sug-
gesting strong reproductive isolation among these species. However, we did find support 
for several ancestral introgression events, likely early in the divergence histories of these 
taxa. The few instances of introgression detected in the comparisons of regions support the 
potential role of hybridization in a region of higher climatic instability. 
This study demonstrates that introgression might have important consequences in 
species evolutionary histories, through the speciation process to species’ responses to envi-
ronmental instability.   
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As we investigate evolutionary histories within and among species with increasingly 
available and affordable multilocus and genomic data, a major challenge arises in the pres-
ence of conflicting information from different gene trees (Degnan & Rosenberg 2009; 
Edwards et al. 2016). The two main causes of gene tree discordance in eukaryotes are in-
complete lineage sorting (ILS) and introgression. ILS occurs when the most-recent common 
ancestor for a genealogy exists before speciation begins, allowing the genealogical relation-
ship of a gene or genome region to differ from the underlying species branching pattern. 
Introgression is the process in which genetic material is transferred from one population or 
species to another by hybridization and occurs when introgressed variants persist in the new 
host through drift or selection (Shapiro et al. 2016). Reticulate evolution can be a conse-
quence of substantial introgression, and this has long been recognized as important in plants 
(Anderson & Stebbins Jr. 1954; Rieseberg 1995). With the increase of genome scale anal-
yses, historical introgression among species is now increasingly reported in animals as well 
(Hedrick 2013; Mallet et al. 2016). Currently widely described, reticulate evolution can be a 
source of novel gene combinations allowing adaptive evolution – e.g. in hominids (Green et 
al. 2010; Reich et al. 2011; Tung & Barreiro 2017), Anopheles mosquitoes (Fontaine et al. 
2015), Heliconius butterflies (The Heliconius Genome Consortium 2012), geese 
(Ottenburghs et al. 2016), bears (Kumar et al. 2017), cichlids (Brawand et al. 2014) and 
Xiphophorus fishes (Cui et al. 2013). 
Introgression has mostly been studied to understand divergence histories, adaptive 
divergence and the speciation process (Harrison & Larson 2014), either through hybrid zones 
studies and associated cline analyses (reviewed in Gompert et al. 2017), or by measuring the 
amount of gene flow between lineages or closely related species (Edwards et al. 2016). Com-
monly, recent admixture is detected using clustering methods like STRUCTURE (Pritchard et 
al. 2000) based on assignments of individual ancestry (additional current genomic ap-
proaches reviewed in Payseur & Rieseberg 2016). In contrast, methods with isolation-with-
migration models, including approaches based on the site frequency spectrum, explore rates 
and direction of gene flow during divergence, and test for secondary contact of sister spe-
cies (reviewed in Pinho & Hey, 2010; Sousa & Hey, 2013). Lately, there has also been a con-
siderable development of methods that can detect reticulation at deeper phylogenetic 
scales - between non-sister taxa and their ancestors - while distinguishing ILS from introgres-
sion. These have been explored using either SNP-based approaches such as the ABBA-BABA 
test (Green et al. 2010; Durand et al. 2011; Eaton & Ree 2013; Pease & Hahn 2015; Ward & 
van Oosterhout 2016), or sequence-based approaches under the multispecies network coa-
lescent (MSNC) model with maximum likelihood methods (Yu et al. 2014; Yu & Nakhleh 2015; 
Solís-Lemus & Ané 2016) or, more recently, fully Bayesian methods (Wen & Nakhleh 2017; 
Zhang et al. 2017). 
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5.1.1! Introgression and environmental instability 
At small spatial and temporal scales, it has been shown that environmental change can 
increase the likelihood of hybridization between populations or closely related species (re-
viewed in Anderson 1948 and more recent examples Seehausen et al. 2008; Arnold & Martin 
2010). This, depending on its magnitude, could have lasting effects due, for example, to an 
increase in genetic diversity of a population/species or the transfer of potentially beneficial 
alleles. Examples of species showing evidence of introgression that likely result from past 
hybridization associated with environmental change range from species that changed their 
distribution following the LGM, especially in the Northern Hemisphere (e.g. Iberian hare, 
Marques et al. 2017), to species flocks and adaptive radiations such as the African lake cich-
lids. Seehausen (2004), for instance, suggested that large-scale climatic and tectonic changes 
resulted in environmental fluctuations leading to habitat variability, facilitating hybridization 
that ultimately promoted cichlids speciation and rapid diversification events (see also e.g. 
Ivory et al. 2016; Meier et al. 2017). As tropical ectotherms typically have narrow physiolog-
ical limits (Deutsch et al. 2008), they could be especially prone to range shifting through 
glacial cycles, forming novel communities if species respond idiosyncratically (Potter et al. 
2017). 
The study of currently sympatric and closely-related ectotherms can be helpful to un-
derstand the above processes and provides an opportunity to quantify recent and historical 
gene flow between species in relation to their genetic, phenotypic and ecological diver-
gence. Genetic divergence among lineages can be an effective predictor of suppression of 
gene flow (Roux et al. 2016), including in species related to those studied here (Singhal & Bi 
2017). Phenotypic divergence can also suppress introgression, especially where traits in-
volved in mate recognition have become distinct (Nosil 2012). Ecological divergence can 
also suppress gene flow through habitat-associated assortative mating or selection against 
hybrids (Schluter 2000; Nosil 2012). 
 
5.1.2! AMT Rainbow skinks 
Following Edwards et al. (2016), we apply multiple approaches to test for contempo-
rary or historical reticulation among the Australian Monsoonal Tropics (AMT) rainbow skinks, 
a group of six closely-related species (Bragg et al. 2018) with overlapping ranges across most 
of the AMT, especially in the Kimberley (northwest) and Top End (central north) regions of 
Australia. This clade of mid to late Miocene origin (Dolman & Hugall 2008) includes multiple 
leaf-litter species (Carlia amax, C. gracilis, C. johnstonei, C. munda, C. rufilatus and C. tria-
cantha) with similarities in body size and life history, but vary somewhat in the breeding col-
ors of males (James & Shine 1988; Dolman & Stuart-Fox 2010). These species further differ 
in observed climatic niche breadth and habitat preferences, with C. gracilis and C. johnstonei 
being more restricted to closed and mesic habitats; C. rufilatus and C. amax occurring in 
more intermediate habitats; whereas C. munda and C. triacantha (s. l.) extend across both 
mesic and arid habitats (Fig. 5.1, Dolman & Stuart-Fox, 2010; Wilson & Swan, 2013; Cogger, 
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2014). Phylogeographic diversity and demographic history within Carlia species have re-
cently been studied using sequence data from mtDNA and >2000 exons, leading to the 
identification of several genetically divergent lineages within each species (Potter et al. 2016, 
2017; Afonso Silva et al. 2017a), amounting to a total of 18 lineages across the six species 
(Fig. 5.1). Progress with taxonomic revision varies across taxa; in both C. triacantha and C. 
johnstonei, subsequent genetic and morphological analyses resulted in the formal recogni-
Figure 5.1 A. Geographic distribution of samples of the studied species B. SplitsTree Neighbor-Net network 
including all analysed individuals, which are coloured by species (colour codes as in A). C. ASTRAL species 
tree. Numbers on branches separated by a slash are, respectively, bootstrap percentages and local posterior 
probabilities based on ML gene trees. Branches without values were fully supported by both measures. Pie 
charts on nodes represent relative frequencies of the three quartet topologies around a branch. Species are 
represented by different colours: red – C. gracilis, yellow – C. munda, green – C. rufilatus, dark blue – C. 
amax, light blue - C. johnstonei (s. l.) and purple - C. triacantha (s. l.). Each lineage is represented by a different 
symbol and lineage names are as in Potter et al. 2016: TE (Top End; ETE – eastern; WTE – western), KIM 
(Kimberley), MEL (Melville Island), BROAD (widespread across regions), ECI (English Company Islands), GULF 
(gulf of Carpentaria) and WTEK (western Top End and Kimberley). 
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tion of deeply divergent lineages as distinct species (C. isostriacantha and C. insularis, re-
spectively; Afonso Silva et al. 2017b), but lineages with equal to or deeper divergence in the 
other taxa await further investigation. Therefore, to enable consistent treatment of taxa, we 
treat C. isostriacantha and C. insularis as divergent lineages within C. triacantha (sensu lato) 
and C. johnstonei (s. l.), respectively.  
Other than the Kimberley endemic C. johnstonei (s. l.), each taxon has distinct lineages 
in the Top End vs Kimberley (sometimes extending to the western Top End). These regions 
seem to differ in climates now and through the last climate cycle, especially for precipitation, 
with the Kimberley being more arid and with even more restrictive conditions historically 
than the Top End; this associated with more disparate timings of population fluctuations in 
the Kimberley (Potter et al. 2017).  
Past work in the genus Carlia has revealed gene flow between lineages of the same 
species. Potter et al. (2017) found, for most AMT Carlia, some evidence of admixture, addi-
tionally identifying a few hybrids between intraspecific lineages in contact zones and sub-
stantial levels of inferred migration between mainland lineages through their divergence his-
tory. While Afonso Silva et al. 2017a described the divergence of lineages within C. john-
stonei (s. l.) and C. triacantha (s. l.) in the presence of gene flow, although with reduced 
migration rates. Additionally, and as a useful benchmark here, comparative genomic anal-
yses of hybrid zones between intraspecific lineages of related species in the Wet Tropics, 
including two divergent lineages of Carlia rubrigularis, found that reproductive isolation in-
creased with divergence (Singhal & Moritz 2013; Singhal & Bi 2017). It has not yet been 
determined whether there is also introgression among other species of Carlia, but this is 
entirely possible as genomic divergence among these sympatric AMT species is within the 
range where hybridization (with limited introgression) is observed between intraspecific lin-
eages of Wet Tropics taxa (see Results). Further, a recent phylogenomic analysis for the ge-
nus revealed conflicting topologies across coalescent species-tree and concatenation meth-
ods (Bragg et al 2018), which may indicate effects of reticulation among non-sister taxa 
(Solís-Lemus et al. 2016). 
Here we test for introgression between the sympatric species of AMT Carlia and in 
relation to regional differences in climatic history and, hence, potential range shifting. Spe-
cifically, we combine new and published sequence data for ~1700 exons with multiple new 
statistical methods for detecting introgression. We tested for i) recent admixture among 
species, and then for historical introgression while accounting for ILS at two different levels: 
ii) between species before intraspecific lineage divergence, and iii) between lineages from 
different species that broadly overlap. To do this, for each species we focused on a subset 
of individuals from the major lineages present in the Kimberley and in the Top End. We used 
this strategy to test for more introgression in the Kimberley, a region that has had a more 
dynamic climatic history than the more mesic and consistently suitable Top End (Potter et al. 
2017). More specifically, we hypothesize that given the Pleistocene climatic instability in the 
Kimberley and the climatic niche breadth differences between species of rainbow skinks 
DISSECTING INTROGRESSION USING EXON CAPTURE DATA FROM  




(Potter et al. 2017; Afonso Silva et al. 2017a), there could have been more opportunities for 
hybridization events and substantial introgression in the Kimberley than in the more stable 
Top End. From the species-level comparisons, we also explored whether there is greater 
potential for introgression among more closely related species, as expected from compara-
tive hybrid zone analyses of variously related taxa (Singhal & Moritz 2013; Singhal & Bi 2017).  
 
5.2! Material and Methods  
Samples were sequenced with an in-solution exon capture approach. For C. amax (A), 
C. gracilis (G), C. munda (M) and C. rufilatus (R) sequence data were from Potter et al. (2016, 
2017), for C. johnstonei (J) and C. triacantha (T) (both sensu lato) data were from Afonso Silva 
et al. (2017a), and additional Carlia spp. samples from Bragg et al. (2016) were also included. 
These were supplemented with 72 new samples and representing all six species, for a total 
of 228 samples plus an outgroup (C. rubrigularis, based on previous work: Dolman & Hugall, 
2008; Potter et al., 2017).  
Total DNA was extracted using the salting-out method of Sunnucks & Hales (1996), 
and the genomic libraries for exon capture were constructed following the protocol of Meyer 
& Kircher (2010), using the modifications of Bi et al. (2012). The exon capture probe set was 
designed from transcriptomes of three related genera of skinks (C. rubrigularis, Lamprop-
holis coggeri, Saproscincus basiliscus; Singhal, 2013) with exons selected from orthologs an-
notated against the Anolis genome. A total of 3320 target exon (> 200 bp) probes were 
designed and synthesized as a SeqCap EZ Developer library by Roche NimbleGen (see 
Bragg et al. 2016 for more information). For a single hybridization reaction, we pooled 56 
individuals into a total of 1200 ng of barcoded genomic libraries, combined in equimolar 
ratios prior to hybridization with probes, index-specific blocking oligos and a specific skink 
Cot-1 DNA (see Bragg et al. 2016). After clean up, we ran two independent enrichment PCRs 
using Phusion High-Fidelity DNA Polymerase (Thermo Scientific) for 17 cycles. We then per-
formed a qPCR using specific primers (from Potter et al. 2016) to evaluate capture success, 
by confirming that loci targeted in the exon capture were enriched while non-targeted loci 
were de-enriched. To quantify and assess the quality of the hybridization, we measured pre- 
and post-capture library concentrations using a Bioanalyzer 2100 (Agilent Technologies, 
Inc.). After confirming the successful hybridization, the enriched libraries were sequenced on 
a single Illumina HiSeq 2500 lane (100 bp paired-end reads) at the ACRF Biomolecular Re-
source Facility, ANU. The new sequences were added to the same NCBI Short Read Archive 
(BioProject PRJNA289283) containing the samples used from previous studies (BioSample 
numbers in Appendix S5.1, Supplementary material). 
 
5.2.1! Bioinformatics methods 
The Illumina sequencing reads were processed following Bragg et al. (2016). Briefly, 
the workflow starts with a pipeline developed by Singhal (2013; 
https://github.com/MVZSEQ) to remove duplicates, merge overlapping reads, and trim poor 
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quality bases and adaptor sequences. We then assembled the clean reads for each sample 
by identifying, for each exon, sequencing reads that are homologous to Anolis based on 
blastx (Altschul et al. 1990). This was followed by a de novo assembly of the identified reads 
using Velvet v.3 (Zerbino & Birney 2008) and cap3 (Huang & Madan 1999), and a subsequent 
trimming of the contigs to the exonic regions using Exonerate v.2.2.0 (Slater et al. 2005). 
We mapped, with bowtie v.2.2.2 (Langmead & Salzberg 2012), the clean reads back 
to the assembled target sequences for each sample as its own reference and the resulting 
SAM files were processed using SAMTOOLS v.0.1.19 (Li et al. 2009). To identify heterozy-
gous sites, we masked sites with a low-quality genotype score (GQ < 20) and phased over-
lapping individual sequencing reads within loci (“read-backed phasing”) using GATK v.3.3 
(McKenna et al. 2010). The resulting output were two haplotype sequences for each locus in 
each sample (labelled as h0 and h1), where for the unresolved heterozygous sites the refer-
ence allele was assigned to the h0 haplotype and the alternate allele to h1. The scripts used 
for processing sequencing reads and processed data are available from the Dryad Digital 
Repository: https://doi.org/10.5061/dryad.34274. To identify the samples of best quality and 
that were most informative, we assessed sequencing success and assembly quality by calcu-
lating coverage and the number of exons recovered per sample, and ultimately selected the 
samples with more than 1900 loci. 
We used EAPhy v. 1.1 (Blom 2015) to align the exons with MUSCLE v.3.8.31 (Edgar 
2004) and review the quality of these alignments based on several filter criteria; tasks per-
formed included removing missing data from the ends of sequences, checking for translation 
of amino acids, and exporting both single-locus and concatenated alignments in different 
formats and with different proportions of missing data. For subsequent sequence-based 
analyses, we extracted loci from a general alignment with the 228 samples plus the out-
group. For the SNP-based analyses the exons were realigned, based on subsampling for 
downstream analyses, to recover the largest possible number of SNPs, and we randomly 
extracted one biallelic SNP per locus from sites that were not missing data for most of the 
samples. For further information about missing data for each analysis see Appendix S5.2, 
Supplementary material). 
 
5.2.2! Recent admixture inference 
To visualize potential recent hybridization among all six species, we performed an ex-
ploratory clustering analysis including all individuals using a principal coordinate analysis 
(PCoA) based on Euclidean genetic distances, as implemented in the package ADE4 (Dray 
& Dufour 2007) run in R v.3.3.2 (R Core Team 2016). We also tested for the presence of 
admixture between any pair of species using STRUCTURE v.2.3.4 (Pritchard et al. 2000). We 
conducted a total of 15 pairwise comparisons to estimate admixture between each pair of 
species using K = 2 (see Appendix S5.2, Supplementary material for detailed methods). 
These analyses were performed using the admixture model with independent allele frequen-
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cies, and 20 simulation replicates, each with a burn-in of 50,000 iterations followed by sam-
pling for 500,000 generations. After verifying MCMC convergence between independent 
runs, we ran CLUMPP v.1.1.2 (Jakobsson & Rosenberg 2007) to align them. To assess the 
effect of species’ genetic structure on the membership coefficients, we compared these re-
sults with additional pairwise comparisons using one lineage per species for both the Kim-
berley and the Top End. 
 
5.2.3! Exploring conflicting signals between exons  
We initially explored patterns of reticulation among all species with the Neighbor-
Net algorithm in SplitsTree4 v.4.14.6 (Huson & Bryant 2006). This is an unrooted distance-
based method that can reveal conflicts due to incompatible phylogenetic signals in a con-
catenated dataset. For this analysis we used a concatenated alignment of 1805 loci with one 
haplotype from each individual.  
To observe species tree support for the six species topology accounting for the pres-
ence of ILS, we ran ASTRAL-II v.4.11.1 (Mirarab & Warnow 2015), a summary-coalescent 
method that finds the species tree that shares the maximum number of induced quartet 
trees with gene trees. An advantage of this method is that it can compute support for species 
tree branches based on both gene tree bootstraps and local posterior probabilities derived 
from gene tree quartet frequencies (Sayyari & Mirarab 2016). The local posterior probabili-
ties are calculated by assuming that for each internal branch of a given species tree three 
topologies are possible around that branch, and a quartet support is computed for each of 
those three alternatives (Sayyari & Mirarab 2016). For this analysis, we extracted a total of 
1592 individual exons from the main alignment using one haplotype from each of the 18 
lineages and the C. rubrigularis outgroup. For each exon, we ran JModeltest v.2.1.10 
(Darriba et al. 2012) to select the best-fit substitution model, and used RAxML v.8.2.9 (Sta-
matakis 2014) to estimate the best tree out of ten search replicates, with branch support 
based on 100 bootstrap replicates.  
 
5.2.4! Introgression between species and lineages 
We searched for signatures of introgression between each pair of non-sister species 
by considering all combinations of possible asymmetric trees and using Patterson’s D statis-
tic (Green et al. 2010; Durand et al. 2011), also known as the ABBA-BABA test. This method 
considers an asymmetric four-taxon tree (((P1, P2), P3), O), where O is the outgroup, P1 and 
P2 are a sister group, and P3 is sister to (P1, P2) that we want to test for introgression with 
either P1 or P2. This test uses only biallelic SNPs, for which the outgroup allele is expressed 
as “A” (i.e. ancestral) and the alternative allele as “B”. The statistic tests if the numbers of 
derived alleles shared between P1 and P3 and between P2 and P3 are similar, a pattern 
expected from ILS (see Appendix S5.3, Supplementary material).  
We performed this approach at both the species and lineage levels, the latter to ad-
dress the goal of comparing the two regions that experienced different climatic fluctuations 
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in the past, the Kimberley and Top End. To do this, we started by subsampling our dataset 
to two lineages per species, one of the lineages mainly distributed in the Kimberley and the 
other mostly in the western Top End. We also subsampled the number of individuals to a 
maximum of five samples per lineage, but evenly covering the geographic distribution of the 
lineages and including locations where more than one species was collected.  
We repeated the alignments with the selected subset of samples and extracted all 
segregating sites using EAPhy. To estimate Patterson’s D statistic between species for as 
many combinations of asymmetric four-taxon trees (20 analyses; Fig. 5.3), we calculated 
ABBA and BABA patterns from estimating the allele frequencies in each taxon for each bial-
lelic SNP across all loci, so the statistic could be estimated similarly to the equation (2) of 
Durand et al. (2011). We used this output to calculate D with the dstat mode implemented 
in dfoil (Pease & Hahn 2015) and a χ2 goodness-of-fit test to evaluate significance (α = 0.01).  
To test for introgression at the lineage-level and detect if the patterns would be dif-
ferent between the Kimberley and the Top End lineages, we used the five-taxon ABBA-
BABA DFOIL statistic developed by Pease & Hahn (2015). This approach is an extension of the 
four-taxon ABBA-BABA test and is also based on biallelic sites but uses a five-taxon sym-
metric phylogeny with two pairs of ingroup taxa and an outgroup taxon, 
(((P1,P2),(P3,P4,)),O), where P3 and P4 diverged no later than P1 and P2 did. The main ad-
vantage of this method is that it allows inferences about the presence and direction of intro-
gression by using a system of four D statistic-like components (referred as DFO, DIL, DFI and 
DOL). We performed the five-taxon ABBA-BABA test in dfoil based on allele frequencies, 
including the two lineages per species, and in a pairwise fashion, for a total of 15 compari-
sons; each component significance was tested by a χ2 goodness-of-fit test with a cut-off of P 
< 0.01 (Table 5.1; Appendix S5.3, Supplementary material).  
For all analyses, we resampled exons with replacement and generated 1000 bootstrap 
pseudoreplicates SNP datasets to obtain 95% confidence intervals. Analyses were con-
ducted and plotted using customized R scripts with the seqinr package (Charif & Lobry 2007) 
and packages within tidyverse (Wickham 2017). 
 
5.2.5! Reticulation from phylogenetic networks 
Using the sequences from the same dataset as in the ABBA-BABA tests, we applied 
another statistical approach based on gene tree discordances, to infer phylogenetic net-
works while accounting for ILS. SNaQ - Species Networks applying Quartets - (Solís-Lemus 
& Ané 2016) uses pseudolikelihood approximations to the full model likelihood under a co-
alescent-based model and is implemented in the package PhyloNetworks v.0.3.0 (Solís-
Lemus et al. 2017) in Julia (Bezanson et al. 2017). This allows us to include both lineages 
from each of the species studied in a single analysis. Compared with related MSNC methods 
(such as the ones implemented in PhyloNet, Than, Ruths & Nakhleh, 2008), the algorithm in 
PhyloNetworks is fast (Hejase & Liu 2016), but estimating phylogenetic networks from multi-
locus data is computationally intensive with increasing number of tips and we therefore ran 
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five replicate analyses, each using a different single haplotype per lineage (Appendix S5.2, 
Supplementary material). PhyloNetworks does not estimate gene trees directly, but instead 
requires a table of quartet concordance factors (CFs) observed from multi-locus data as in-
put. Therefore, for each replicate analysis, we ran MrBayes v. 3.2.3 (Ronquist et al. 2012) for 
each locus separately and the respective posterior distribution of trees was used as input for 
BUCKy v.1.4.4 (Ané et al. 2007; Larget et al. 2010) to estimate the quartet CFs. This is the 
preferred strategy for estimating CFs to be used in PhyloNetworks, because it estimates true 
gene tree conflict, discards conflict due to gene tree error and provides 95% credibility in-
tervals, with CFs estimates least influenced by genes with large tree uncertainty (Solís-Lemus 
& Ané 2016). This strategy was implemented in the pipeline developed by Stenz et al. (2015), 
available at https://github.com/nstenz/TICR. In PhyloNetworks, we estimated for each repli-
cate a network from one to four reticulations with the best pseudolikelihood after 20 runs 
using the SNaQ function. Subsequently, we performed 100 bootstrap replicates on the best 
network, where for each replicate with 10 runs, 30% started from the estimated network and 
70% from the species tree.  
Additionally, using the sites with synonymous substitutions of the same data set used 
in the ABBA-BABA tests, we estimated nucleotide diversity (pi), average sequence diver-
gence per site (Dxy; Nei, 1987) and net average sequence divergence per site (Da; Nei, 1987) 
with the R package PopGenome (Pfeifer et al. 2014) to characterize genetic diversity and 
divergence within and among lineages and species.  
 
5.3! Results 
Across all samples sequenced in the current and past studies, we used the 229 individ-
uals with approximately >2000 loci from C. gracilis, C. munda, C. rufilatus, C. amax, C. tria-
cantha (s. l.), C. johnstonei (s. l.), and C. rubrigularis (outgroup). On average, the dataset had 
2811 loci, 128x coverage depth, and a proportion of heterozygous sites per individual of 
3.47x10-3 (Appendix S5.2, Supplementary material). It is worth noting that, based on previ-
ous studies, all individuals except one had concordance for nDNA and mtDNA species iden-
tity (data not shown). For silent sites, estimated net (Da) divergences among species (esti-
mated at lineage level to avoid confounding effects of deep phylogeographic structure) 
ranged from ~ 0.4% to ~1%; the range of corresponding average absolute divergences (Dxy) 
was similar - ~0.6% to 1.1% (Appendix S5.4, Supplementary material). 
 
5.3.1! Recent admixture 
 For exploratory analyses, we examined PCoA results including all six species (Appen-
dix S5.5, Supplementary material). Besides C. johnstonei (s. l.) and C. triacantha (s. l.) which 
overlap at this scale, all but a few individuals cluster tightly within nominal species; these 
generally tight genotypic clusters imply a low level of recent admixture overall.  
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More quantitatively, we then investigated recent admixture using pairwise clustering 
across all species with the model-based admixture analysis (K = 2; STRUCTURE). Overall, it 
also suggested little interspecific admixture (membership below 90% consistent across rep-
licate runs) (Fig. 5.2). The few exceptions were mostly individuals evidently admixed between 
the closely related species C. triacantha (s. l.) and C. johnstonei; other admixed individuals 
included a C. munda individual admixed with C. gracilis and C. rufilatus, a C. gracilis individ-
ual admixed with C. triacantha and C. johnstonei, and a C. munda individual highly admixed 
with C. amax. When considering samples from the Kimberley and Top End separately, there 
were indications of slight admixture in some samples from the former region, but none in 
the latter region (Appendix S5.6 and S5.7, Supplementary material).  
Figure 5.2 Bar plots of STRUCTURE results for pairwise comparisons between the six studied species. 
Both C. johnstonei and C. triacantha are used here in sensu lato.  
* The same individuals were used across all comparisons, except in those between sister species (C. 
johnstonei vs. C. triacantha and C. rufilatus vs. C. munda) where individuals representing highly divergent 
lineages (C. insularis within C. johnstonei and ECI of C. rufilatus) were removed because this genetic 
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5.3.2! Exploring gene tree conflict 
To explore evidence of reticulation between the six species and of conflicting phylo-
genetic signals among exons, we used both the Neighbor-Net algorithm, which ignores co-
alescent processes in the species tree, and the coalescent-based species tree estimation 
method ASTRAL-II that takes into account the presence of ILS when estimating species rela-
tionships. Although sensitive to introgression (Solís-Lemus et al. 2016), ASTRAL is an effec-
tive way of evaluating gene tree discordance at nodes in a tree. The distance method results 
suggested potential reticulation between C. gracilis and the C. munda + C. rufilatus clade, 
and also within the C. johnstonei (s. l.) and C. triacantha (s. l.) clade (Fig. 5.1b). While the 
species tree (Fig. 5.1c) identifies a species tree topology congruent with previous studies 
(Bragg et al. 2018), most nodes have substantial gene tree discordance, with similar frequen-
cies of the two minor topologies as expected for ILS alone.  
 
5.3.3! Ancient introgression 
We wanted to investigate introgression at two levels: between species before intra-
specific lineage divergence; and between broadly sympatric lineages from different species, 
focusing on one lineage occurring mostly in the Kimberley (k) vs a lineage occurring mostly 
in the Top End (t) region. For this, we identified 20 possible combinations of sets of three 
species to conduct ABBA-BABA tests (Fig. 5.3, Appendix S5.3 and S5.8, Supplementary ma-
terial), and then classified the species with evidence of introgression: a significant positive D 
suggested introgression between species P2 and P3, and a significant negative D introgres-
sion between P1 and P3. From the species-level tests, we found strong evidence of intro-
gression between C. gracilis and each of C. amax, C. johnstonei and C. triacantha, which 
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Figure 5.3 Patterson’s D-statistic estimates from four-taxon ABBA/BABA tests for the different possible spe-
cies combinations and species tree configurations. The size of the black circles in the central plot reflect the 
observed p-value according to four arbitrarily defined ranges of p-values; we used a significance level of 0.01. 
A positive D statistic indicates potential introgression between species P2 and P3, while a negative D suggests 
introgression between P1 and P3. Green correspond to tests supporting evidence for G-AJT introgression 
and blue for A-MR. 
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was confirmed by using either C. rufilatus or C. munda as the P2 species. Another strongly 
supported result was between C. amax with both C. rufilatus and C. munda (A-RM, and using 
either C. johnstonei (s. l.) or C. triacantha (s. l.) as the P2 species), with the D values being 
higher in the tests for the first comparison. Accordingly, we found evidence for introgression 
between C. amax and C. rufilatus in the MRA test (P1P2P3 as in Fig. 5.3). A lower magnitude 
D was also detected between C. rufilatus and C. johnstonei. The exons bootstrap analyses 
showed relatively wide 95% confidence intervals with overall similar patterns, except for the 
TJM combination (Appendix S5.9, Supplementary material). 
 
 
We further used the five-taxon ABBA-BABA approach to test simultaneously for the 
presence and direction of introgression between lineages from different species in 15 pair-
wise comparisons that confirmed to the required balanced topology (Appendix S5.10, Sup-
plementary material). All significant results suggest evidence of ancestral introgression (Ta-
ble 5.1; Appendix S5.10, Supplementary material), but we are unable to determine the di-
rectionality in this situation (Appendix S5.3, Supplementary material). The DFOIL approach 
indicated introgression between C. gracilis (Gk+Gt) and lineages from C. munda (Mk), C. 
triacantha (Tt) and C. insularis (Ji). We used Ji samples to include two lineages from C. john-
stonei (s. l.), thus allowing to check for introgression in C. johnstonei (s. s.), and we found 
support for introgression between Ji and C. munda (Mk+Mt) and also with C. rufilatus 
(Rk+Rt). The bootstrap results were similar to the original analysis and the confidence inter-
vals were narrower compared to the four-taxon ABBA-BABA bootstrap analysis (Supplemen-
D'#stat sign D'#stat sign D'#stat sign D'#stat sign
Gk Gt Mk Mt 0.085 + 0.085 + %0.019 0 %0.018 0 G)%)Mk
Gk Gt Rk Rt 0.002 0 0.003 0 %0.016 0 %0.016 0 %
Gk Gt Ak At %0.001 0 %0.002 0 %0.019 0 %0.021 0 %
Gk Gt Jk Ji %0.080 2 %0.081 2 %0.010 0 %0.013 0 G)%)Ji
Gk Gt Tk Tt %0.053 2 %0.052 2 %0.021 0 %0.020 0 G)%)Tt
Mk Mt Ak At 0.005 0 0.005 0 0.038 + 0.039 + %
Mk Mt Rk Rt 0.004 0 0.003 0 0.021 0 0.020 0 %
Mk Mt Jk Ji %0.077 2 %0.078 2 0.036 + 0.034 + %
Mk Mt Tk Tt %0.052 2 %0.051 2 0.038 + 0.039 + %
Rk Rt Ak At 0.000 0 0.002 0 %0.004 0 %0.002 0 %
Rk Rt Jk Ji %0.082 2 %0.075 2 0.005 0 0.014 0 R)%)Ji
Tk Tt Rk Rt 0.006 0 0.005 0 %0.051 2 %0.052 2 %
Jk Ji Ak At %0.007 0 %0.002 0 %0.081 2 %0.075 2 %
Tk Tt Ak At 0.001 0 0.001 0 %0.046 2 %0.047 2 %
Tk Tt Jk Ji %0.091 2 %0.078 2 %0.066 2 %0.048 2 %
DIL DFI DOL IntrogressionP1 P2 P3 P4 DFO
Table 5.1 DFOIL results for species comparisons at the lineage-level. 
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tary material). Some results might not be conclusive (absence of introgression between line-
ages within M-T and R-T), considering the short distance between P1/P2 to P3/P4 taxa (Ap-
pendix S5.10, Supplementary material). 
We also employed an alternative approach to infer reticulation events using full se-
quence data and an explicit phylogenetic network method that accounts for ILS using the 
MSNC model. Because it is computationally intensive, we used one individual per lineage 
but ran five different replicates of samples to use a dataset more similar to that used in the 
ABBA-BABA analyses. The most consistent result across all five replicates supports one in-
trogression event between C. amax and the C. munda + C. rufilatus clade (A-MR) (estimated 
inheritance probability of 0.35), and with a topology placing C. gracilis, rather than C.munda 
- C. rufilatus, as most closely related to the C. amax + C. johnstonei + C. triacantha clade (G-
AJT) (Fig. 5.4A,B). This result shown is for the best model based on four of the five replicates 
of samples (excluding models with a reticulation involving the outgroup). For the fifth repli-
cate, the best model had the same topology as the species tree with a reticulation event 
between C. gracilis and the C. johnstonei (s. l.) + C. triacantha (s. s.) clade (G-TJ), but in this 
network C. insularis (Ji) was not sister species to C. johnstonei (s. s.) (Fig. 5.4C,D; Appendix 
S5.12, Supplementary material). This network was also one of the best models across the 
other four replicates, albeit with a lower pseudolikelihood.  
The bootstrap networks can provide information on the support for branches, includ-
ing hybrid edges and direction of reticulation events. For the most consistent network, the 
one with A-MR reticulation, there was strong support for all branches, being C. gracilis the 
least well supported (Fig. 5.4A). The hybrid edge was recovered in 87% of the replicates in 
which the direction of introgression was from C. amax to the MR clade (Fig. 5.4B, see also 
Appendix S5.13, Supplementary material). By contrast, in the second network (Fig. 5.4C,D), 
despite having the expected topology, the support for the node connecting AJT and MR 
was very low, and the bootstrap support for the G-JT reticulation was also very low. The 
Figure 5.4D that represents the origin and target of gene flow indicates low support across 
different alternatives, with the originally estimated reticulation showing 33% of support for 
C. gracilis as the target (41% as the origin) and 18% for JT as the origin of gene flow. 
Considering the PhyloNetwork suggestion that C. gracilis is not the more divergent 
taxon, the order of species in the ABBA-BABA results could be incorrect, but additional tests 
showed that the expected species tree topology is more appropriate to perform the ABBA-
BABA tests (Appendix S5.14, Supplementary material). This is further supported by the 
larger Dxy and Da values between C. gracilis and the other species (Appendix S5.4, Supple-
mentary material). 
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This study uses new and published exon capture datasets to explore the potential role 
of introgression in the evolution of sympatric species from the Australian Monsoonal Tropics 
(AMT). Despite broad overlap in geographic distributions between the AMT Carlia species, 
signatures of recent admixture between different species seem to be negligible. Nonethe-
less, we uncovered several ancestral introgression events (summary in Fig. 5.5). 
 
5.4.1! Near absence of recent introgression among species 
Given that these species are closely related and often sympatric, it is reasonable to 
expect some evidence of recent hybridization, perhaps declining with the magnitude of ge-
netic divergence. This expectation also follows from the observation that net divergences 
among the AMT Carlia are in the range of transition between low and high probabilities of 



































































































Figure 5.4 PhyloNetworks bootstrap networks for replicates 1 (A and B) and 5 (C and D). The left panels show 
bootstrap values for branches; inside the squares are the bootstrap support for the hybrid edges (i.e. per-
centage of bootstrap trees in which the same sister clade is grouped with the hybrid clade) and the hybrid 
node. The number in blue is the inheritance probability, γ, which represents the proportion of genes contrib-
uted by each parental population to a given hybrid node. The right panels give the bootstrap values depend-
ing on whether a given lineage is the origin (above the edge) or target of gene flow (below the edge and in 
orange). 
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hybridization (but not introgression) is observed among morphologically cryptic lineages 
(Singhal & Moritz 2013; Singhal & Bi 2017). Yet, for the AMT species examined here, there 
is very little evidence of recent admixture from clustering (STRUCTURE) analyses. This im-
plies stronger reproductive isolation among these species than expected based on genomic 
divergence alone. Given the marked differences in male breeding colours of the “rainbow 
skinks”, we suggest that the evidently strong reproductive isolation among these taxa could 
reflect colour-based assortative mating, as observed from experimental studies in red- vs 
blue-throated Carlia from the rainforests of the east coast (Dolman 2008). Although colour 
variations within the AMT Carlia skinks are subtler (Dolman & Stuart-Fox 2010), this hypoth-
esis is amenable to experimental test, contrasting female response to males of the same or 
different species and across a range of divergence in colours differing in the extend of col-
our.  
 
5.4.2! Ancestral introgression between species  
Support of ancestral introgression between species comes from both the ABBA-BABA 
tests and the phylogenetic networks results that consistently suggest introgression between 
C. amax and the C. munda + C. rufilatus clade (A-MR). The PhyloNetwork analysis also sug-
gests that the direction of gene flow is from C. amax to the MR clade, with around a 0.35 
proportion of genes contributed by each parental population to the MR hybrid node. The 
ABBA-BABA tests also infer a reticulation event between C. gracilis and likely the ancestor 
of C. amax, C. johnstonei and C. triacantha (G-AJT). These two events are further supported 
with additional ABBA-BABA analyses (Appendix S5.8, Supplementary material) in which sis-
ter taxa were lumped together (i.e., M+R, A+J+T and J+T). An exception was for the A-
(M+R)-G test that unexpectedly supported introgression between C. amax and C. gracilis, 
rather than A-MR as inferred from phylogenetic networks.  
The phylogenetic network analyses also yielded a topology that differs from the con-
catenated and ASTRAL species trees, with the munda-rufilatus pair being the most divergent 
group rather than C. gracilis. We also note that the node uniting MR with (AJT) in the ASTRAL 
tree has extensive gene tree discordance. Given the known sensitivity of concatenation and 
ASTRAL methods to introgression (Solís-Lemus et al. 2016), and PhyloNetworks advantage 
to infer an appropriate topology while estimating introgression (Solís-Lemus & Ané 2016), it 
could be that the dominant topology from the network analyses is correct. This issue could 
be further explored using full Bayesian network methods that directly incorporate ILS and 
introgression while simultaneously estimating the gene trees (Wen et al. 2016; Zhang et al. 
2017). However, at present these are computationally demanding for data sets of this size in 
number of loci and taxa. Irrespective of the topology, one interesting observation can be 
made – whereas historical introgression is supported among distantly related taxa or clades, 
there is no such evidence between C. amax and the more closely related triacantha-john-
stonei clade. While it is tempting to speculate about whether morphologically or ecological 
similarities are related to past introgression events, the marked differences in traits between, 
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for example, sister taxa (i.e. M vs R, and T vs J; see Potter et al. 2017; Afonso Silva et al. 
2017a) and their relatively old divergence, would render estimation of ancestral states un-
certain.  
Two possible scenarios are likely considering the overall results (Fig. 5.5): a first sce-
nario with two reticulation events – G-AJT and A-MR, which are supported by much of the 
ABBA-BABA tests. In this scenario, C. gracilis is the more divergent species within this clade, 
and C. amax diverged from JT and before the MR split. The second scenario is more con-
sistent with the PhyloNetwork analysis, allowing for an introgression event (A-MR) and iden-
tifying the MR clade as more ancestral while C. gracilis is more closely related to the AJT 
clade. Considering that the species tree in Bragg et al. (2018) also supported the position of 
C. gracilis, it is possible that these relatively unclear topology results might reflect divergence 
with gene flow between C. gracilis and the MR ancestor, with recurrent events of admixture 
between species.  
 
5.4.3! Climate dynamics, range shifting and opportunity for hybridization 
Paleoclimate models and analyses of historical demography point to a more dynamic 
and disparate history of population fluctuations across the Kimberley than the Top End 
(Potter et al. 2016, 2017; Afonso Silva et al. 2017a). As habitat instability, range fluctuations 
and range invasions can promote hybridisation and introgression (Anderson 1948; Excoffier 
et al. 2009; Canestrelli et al. 2016), we expected more signals of current and historical intro-
gression in the Kimberley than the Top End. While signals of recent introgression are sparse, 
we find more evidence of ancestral introgression between taxa from the Kimberley, with the 
Figure 5.5 Summary of the main results from the ABBA-BABA and PhyloNetworks analyses. Panels A and B 
show the trees with either C. gracilis or MR as the most basal ingroup clade, respectively. The dashed lines 
represent potential introgression events inferred by the different methods and are color-coded as per the 
legend in the figure. The dashed line with arrow highlights the well-supported direction of introgression be-
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two instances involving the species C. gracilis, with C. munda BROAD lineage and C. insu-
laris, and a third instance between the latter species and C. rufilatus. This compared with a 
single introgression event in the Top End, between C. gracilis and C. triacantha (s. s.) (which 
extends into the central deserts). 
Although introgression between lineages that only overlap in either region was not 
detected, the above findings could suggest some role of range expansion in hybridization, 
considering that all three cases involve taxa with different distributions when compared to 
the other tested lineages: either very restricted (C. insularis, endemic to small land-bridge 
Kimberley islands) or very widespread (C. triacantha and C. munda BROAD, each respec-
tively occupying the Top End and Kimberley, and both also more broadly distributed into 
the arid regions of Central Australia).  
 
5.4.4! Methodological limitations 
Our analyses sought to investigate both recent and historical introgression using mul-
tiple approaches for each of the two levels. The recent proliferation of methods for detecting 
ancestral introgression is a very welcome addition to our inference tools, especially given 
increasing evidence for the prevalence and evolutionary significance of gene flow among 
animal species (Mallet 2005; Abbott et al. 2013; Mallet et al. 2016). While the methods em-
ployed here – ABBA-BABA (four and five-taxon) and MSNC-based (PhyloNetworks) methods 
– did reveal congruent signals of introgression, there were also some idiosyncratic results. 
The reasons for this are not clear; the methods differ in the input data (SNPs vs sequences), 
topologies used (ABBA-BABA vs DFOIL) and in the underlying assumptions. We also recognize 
the potential for false signals of introgression arising from structured ancestral populations 
(Durand et al. 2011; Eriksson & Manica 2012) and so have focused our discussion on results 
supported by multiple methods.  
More generally, there is a need for more simulation-based analyses of power and sen-
sitivity to model violations, such as genetic structure, differences in substitution rate and 
divergence levels between analysed species, in the application and comparison of ABBA-
BABA and MSNC methods to different scenarios of recent and ancient admixture. Addition-
ally, we expect that further methodological developments and richer datasets, especially 
whole genome sequencing, will provide better resolution to explore introgression across the 
genome considering the ancient nature of many of these patterns. 
 
5.4.5! Introgression role in species evolution 
A key result from the above analyses is that the simple prediction that there would be 
more evidence of recent hybridization, and of recent or ancestral introgression, among 
closely related than distantly related species is not supported. This contrasts with compara-
tive studies of related, and similarly divergent, but morphologically cryptic taxa from the 
rainforests of eastern Australia (Singhal & Moritz 2013; Singhal & Bi 2017). Rather, for the 
AMT skinks, we found evidence for older introgression events. This contrast is nevertheless 
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perhaps not surprising and serves to remind us that reproductive isolation accrues at differ-
ent time scales (Gavrilets 2003; Coyne & Orr 2004; Sobel et al. 2010), with different rates 
and outcomes for morphology and genomic divergence, and as a result of the many speci-
ation processes that are in play.  
In fact, the role of gene flow across different scales within the Carlia species evolution-
ary histories suggests some parallels with examples from the well-studied African Lakes cich-
lids. In this famous example of adaptive radiation, historical introgression has been sug-
gested to fuel rapid speciation across multiple groups (Salzburger et al. 2002; Genner & 
Turner 2012; Meier et al. 2017) and to be an important force in rapid adaptation to changing 
environments (Seehausen 2004). Similarly, it has been shown that introgression occurred 
throughout the evolutionary history of lamprologines cichlids (Gante et al. 2016). Despite 
much more conservative morphological variation across Carlia, the fact that introgression 
patterns are observed broadly across other groups with sympatric species like the cichlids, 
suggests a need to explore introgression more broadly across the rapid radiation of the 
rainbow skinks, and to what extent this might have coincided with periods of environmental 
instability. 
Studying how introgression has occurred in the past across different levels of diver-
gence is currently more of a possibility than ever before and has great implications not only 
for the understanding of the speciation process, but also the impact of hybridization as spe-
cies respond to current climatic change. 
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Appendix S5.2 Flow chart summarizing the data collection and analysis workflow 
 
 
1.! Randomly selected biallelic SNP with the least amount of missing data to a maximum of 20%. 
2.! Detected that when running STRUCTURE with K = 2, violations of the Hardy-Weinberg equilibrium as-
sumption due to intra-lineage genetic structure were biasing admixture inference (i.e. individuals of the same 
lineage showing admixed patterns) in the two sets of comparisons between sister species (T-J and M-R). There-
fore we removed the individuals belonging to the most divergent lineage in each comparison (C. insularis and 
RECI). To further verify if intraspecific structure could affect admixture inference, pairwise comparisons were 
also performed with lineages exclusively from either the Kimberley or the Top End (Appendix 5.6 and 5.7). 
3.! To increase the number of loci above 1000 (0% missing data yielded about 600) while using the most 
complete loci set. 
4.! To use an approximately even number of individuals per species, considering that the minimum number 
of individuals was four (for C. insularis).  
5.! In the DFOIL analyses, all taxa except C. johnstonei (s. l.) had a single different lineage distributed in each 
of the two regions (Kimberley and Top End). We included both C. johnstonei (Jk) and C. insularis (Ji), which are 
both from the Kimberley, because C. johnstonei broadly overlaps with other species showing some evidence 
of admixture, and two lineages are needed for the five-taxon ABBA-BABA tests.  
6.! Initial alignments with all species were subsequently subsetted per pairwise species combination to opti-
mize the extraction of biallelic SNPs for each comparison. 
7.! Preliminary analyses testing different proportions of missing individuals, by resampling 100x to the same 
number of SNPs with no missing data (not shown), suggested that SNP sample size has greater effect than the 
quantity of missing data in the results. Because similar results were obtained with either 20% or 40% missing 
















































































6. Initial$alignments$with$all$species$posteriorly$subsetted per$combination$to$extract$biallelic SNPs$with$
the$patterns$of$interest.
7. Preliminary$analyses$testing$several$amounts$of$missing$individuals$by$resampling$100x$to$the$same$
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1.! The four-taxon ABBA-BABA test requires a pectinate tree to assess introgression between P3 and P2 
(ABBA pattern) or P1 (BABA). In the case of discordances due to ILS, it would be expected similar numbers 
of ABBA and BABA biallelic sites. The test requires a known species tree and does not allow to investigate 
introgression between sister taxa. 
2.! Patterson’s D has been shown to be the same as the parameter in equation 2 of Durand et al. 2010, in 
which allele frequencies are used to calculate D, thereby allowing to use more than one individual per 
species. 
3.! Table with all possible 20 species combinations based on the known species tree topology. 
4.! The five-taxon ABBA-BABA test uses a system of four D-like statistics calculated from different patterns 
in a balanced tree, where P1 and P2 are sister taxa that diverged more recently than P3 and P4 in the sister 
clade. For each species pairwise comparison, a lineage from the Kimberley (k) and another from the Top 
End (t) from both species were used to investigate introgression between lineages from different species 
in the same region. 
5.! Introgression and its direction are inferred from the combination of results for the four D-like statistics. 





P1 P2 P3 P4 O
interFgroup
ancestral
Introgression DFO DIL DFI DOL
P1P3 + + + 0
P3P1 + 0 + +
P1P4 − − 0 +
P4P1 − 0 + +
P2P3 + + − 0
P3P2 0 + − −
P2P4 − − 0 −
P4P2 0 − − −
P12P3
+ + 0 0P3P12
P12P4
− − 0 0P4P12
P1P2












C. johnstonei (s. l.)


















! = #$%%$ − #%$%$#$%%$ + #%$%$







1 A M G 11 J A M
2 J M G 12 A T M
3 T M G 13 T J M
4 M R G 14 J A R
5 A R G 15 A T R
6 J R G 16 T J R
7 T R G 17 M R A
8 J A G 18 T J A
9 T A G 19 M R J
















w s$used$to$investigat $introgression$amo g$lineages$in$the$same$region$but$from$different$species.
5. Introgression$and$direction$is$inferred$depending$on$the$combination$of$signals$from$the$four$D$like$
statistics.$Ancestral$introgressions$have$confounded$signals$and$direction$cannot$be$distinguished.
Appendix S5.3 Schematic diagram depicting the two types of ABBA-BABA analyses used in this study and 
their results.  
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Ak At Gk Gt Ji Jk Mk Mt Rk Rt Tt Tk
Ak 0.0029 0.0060 0.0103 0.0103 0.0082 0.0083 0.0093 0.0094 0.0094 0.0094 0.0084 0.0086
At 0.0033 0.0037 0.0104 0.0103 0.0082 0.0084 0.0093 0.0094 0.0094 0.0094 0.0084 0.0086
Gk 0.0089 0.0088 0.0020 0.0027 0.0099 0.0100 0.0101 0.0104 0.0105 0.0105 0.0102 0.0103
Gt 0.0084 0.0082 0.0015 0.0026 0.0098 0.0100 0.0100 0.0104 0.0104 0.0105 0.0101 0.0103
Ji 0.0065 0.0063 0.0091 0.0087 0.0021 0.0058 0.0090 0.0091 0.0091 0.0091 0.0062 0.0064
Jk 0.0059 0.0056 0.0084 0.0079 0.0039 0.0034 0.0091 0.0092 0.0092 0.0093 0.0063 0.0065
Mk 0.0068 0.0065 0.0084 0.0080 0.0071 0.0064 0.0033 0.0038 0.0073 0.0073 0.0093 0.0095
Mt 0.0068 0.0065 0.0087 0.0082 0.0072 0.0065 0.0009 0.0036 0.0074 0.0074 0.0094 0.0096
Rk 0.0075 0.0071 0.0094 0.0090 0.0077 0.0071 0.0050 0.0050 0.0027 0.0040 0.0094 0.0096
Rt 0.0076 0.0074 0.0096 0.0092 0.0080 0.0073 0.0053 0.0053 0.0023 0.0021 0.0095 0.0097
Tt 0.0060 0.0057 0.0087 0.0082 0.0043 0.0037 0.0067 0.0067 0.0073 0.0076 0.0031 0.0040
Tk 0.0063 0.0061 0.0091 0.0086 0.0048 0.0041 0.0071 0.0071 0.0077 0.0080 0.0017 0.0027
Appendix S5.5 PCoA including 
all individuals and using one ran-
domly sampled biallelic SNP per 
locus from 2103 loci. Results are 
shown for PC 1 and PC 2 (A), PC 
1 and PC 3 (B), and PC 2 and PC 
3 (C). 
 Eigenvalues 
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 C. johnstonei (s. l.) 
 C. munda 
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 C. rufilatus 
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 Eigenvalues 
 C. amax 
 C. gracilis 
 C. johnstonei (s. l.) 
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 C. rufilatus  C. triacantha (s. l.)
A
B C
Appendix S5.4 Averages dxy (above diagonal), pi (along diagonal in bold) and da (below diagonal) for the 
studied species and lineages based on the full dataset and on that used in the ABBA-BABA analysis.  
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C. isostriacantha C. isostriacantha
C. isostriacantha
C. isostriacantha
Appendix S5.6 Bar plots of STRUCTURE results for pairwise comparisons between species and lineages 
mainly distributed in the Kimberley.  
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Appendix S5.7 Bar plots of STRUCTURE results for pairwise comparisons between species and lineages 
mainly distributed in the Top End.  
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P1 P2 P3 Total*SNPs T12 T123 D'*stat χ2* P1value Introgression
A M G 1784 0.087 0.103 +0.161 46.493 0.000 A.+.G
J M G 1746 0.093 0.113 +0.109 20.676 0.000 J.+.G
T M G 1806 0.091 0.108 +0.118 25.358 0.000 T.+.G
M R G 1167 0.079 0.121 +0.015 0.248 0.619 +
A R G 1722 0.096 0.114 +0.174 52.265 0.000 A.+.G
J R G 1695 0.105 0.127 +0.127 27.271 0.000 J.+.G
T R G 1758 0.103 0.120 +0.137 32.765 0.000 T.+.G
J A G 1277 0.088 0.114 0.065 5.395 0.020 +
T A G 1320 0.086 0.109 0.050 3.300 0.069 +
T J G 754 0.073 0.129 +0.029 0.642 0.423 +
J A M 1247 0.075 0.087 0.113 15.943 0.000 A.+.M
A T M 1254 0.075 0.085 +0.097 11.869 0.001 A.+.M
T J M 723 0.062 0.097 +0.032 0.732 0.392 +
J A R 1347 0.082 0.097 0.145 28.229 0.000 A.+.R
A T R 1349 0.081 0.093 +0.136 24.825 0.000 A.+.R
T J R 761 0.069 0.109 +0.022 0.380 0.538 +
M R A 1212 0.066 0.091 0.116 16.172 0.000 R.+.A
T J A 795 0.062 0.090 +0.082 5.314 0.021 +
M R J 1089 0.074 0.097 0.089 8.640 0.003 R.+.J
M R T 1132 0.069 0.096 0.076 6.534 0.011 +
AJT MR G 1306 0.052 0.062 +0.133 23.182 0.000 AJT.+.G
A MR G 1390 0.071 0.085 +0.165 38.058 0.000 A.+.G
JT A G 1033 0.070 0.090 0.063 4.090 0.043 +





Appendix S5.8 D statistics for species comparisons. T indicate approximate divergence distance from site 
counts (T12 – between P1 and P2, T123 – between P1 + P2 and P3). The column labeled ‘Total SNPs’ (from 
allele frequencies probabilities) gives the number of SNPs with ABBA and BABA patterns. Evidence for in-
trogression was considered significant when the p-value was less than 0.01. A – C. amax, J – C. johnstonei 
(s. l.), T – C. triacantha (s. l.), G – C. gracilis, M – C. munda, R – C. rufilatus. Four additional tests lumping sis-
ter taxa were carried out to verify if results were consistent with those from the initial 20 tests. 
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Appendix S5.9 95% confidence intervals from 1000 bootstraps for the D-statistic in the 20 species-level 
tests and the four additional ones with sister species lumped together in different combinations. Green cor-
respond to tests supporting evidence for G-AJT introgression and blue for A-MR, while bold represents 
species with significant D-statistic.  
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DFOIL components DFO DIL DFI DOL
Appendix S5.11 95% confidence intervals from 1000 bootstraps for the four DFOIL statistics in the pairwise 
species comparisons with Kimberley and Top End lineages. The details of the DFOIL tests and conclusions 
regarding introgression for each of these comparisons are given in Table 5.1 and Appendix S5.10. 
Appendix S5.12 Results of the five replicates of the PhyloNetworks analyses, showing the most likely num-
ber of reticulations and the best networks with, respectively, one and two reticulation events. In blue is the 
inheritance probability (γ), which represents the proportion of genes contributed by each parental popula-
tion to a given hybrid node. Note that, for each replicate, networks with three and four reticulations were 
identical to those presented, but the second and third reticulation had γ of less than 10%. The networks 
with two reticulations do not recover both G-TJ and A-MR. The outlier replicate 5 shows that, although the 
A-MR reticulation was the most often supported (i.e. best pseudolikelihood), the G-TJ reticulation could 
have comparable pseudolikelihood, albeit across fewer runs. 
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Appendix S5.13 Phylonetworks bootstrapped networks for replicates 2 (A and B), 3 (C and D) 
and 4 (E and F). The left panels show bootstrap values for branches; inside the squares are the 
bootstrap support for the hybrid edge (i.e. percentage of bootstrap trees in which the same sis-
ter clade is grouped with the hybrid clade) and the hybrid node. The right panels give the boot-
strap values depending on whether a given lineage is the origin (above the edge) or target of 
gene flow (below the edge and in orange). 
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Appendix S5.14 Comparison of ABBA-BABA patterns across species combinations with C. gracilis as P3 or 
as P2 (i.e. considering respectively the two alternative topologies suggested by the phylogenetic network 
analyses). The expectation is that with the correct topology there will be more SNPs showing the BBAA pat-







































The main purpose of this thesis was to understand how current species diversity pat-
terns arose due to the effect of past climatic oscillations affecting speciation, range shifting 
and reticulation. To this end, I used a combination of next generation sequencing data and 
recent coalescent-based analyses to investigate these processes in rainbow skinks from the 
Australian Monsoonal Tropics (AMT), a group of closely related species that are sympatric in 
an understudied Australian biome. The main results of this study consist in the discovery of 
cryptic diversity within two species, with subsequent validation and description of new spe-
cies, and finding genetic patterns in a climatic specialist that are consistent with it being 
more sensitive to past climatic change than a closely related sympatric generalist species. 
Additionally, I contributed to the generation of a robust phylogeny of the rainbow skinks 
that revealed close relationships between the six species that occur more broadly in the 
AMT, and identified several instances of evidence for ancient introgression despite negligi-
ble recent admixture. 
 
6.1! Cryptic lineage diversity and phylogenetic relationships of Carlia 
The discovery of cryptic species (two or more distinct species that are erroneously clas-
sified and hidden under one species name, Bickford et al. 2007) has exponentially increased 
with the development of genetic markers (Struck et al. 2018). Despite the description of such 
common patterns, the evolutionary processes behind this cryptic diversity are poorly studied 
in contrast to the long-studied mechanisms that produce morphological diversification (Fiser 
et al. 2017; Struck et al. 2018). Even the description of these patterns has often been done 
without any morphological analyses, using underpowered data with conflicting analyses un-
der different assumptions (Fiser et al. 2017). 
The description of overall patterns of cryptic diversity from a given region is the start-
ing point for investigating hypothesis-driven questions to better understand those pro-
cesses, and recent efforts have been done to identify this diversity in the understudied Aus-
tralian Monsoonal Tropics (AMT) region (Oliver et al. 2012, 2016; Criscione & Köhler 2013; 
Marin et al. 2013; Huey et al. 2014; Moritz et al. 2016, 2018, Laver et al. 2017, 2018; Potter 
et al. 2018). This despite an already well-known morphospecies (species described through 
traditional taxonomy) diversity described for this region, including for the rainbow skinks 
(Storr 1974). For this relatively remote region, at the start of this study there was a generally 
sparse knowledge of species distributions, and lack of suitable specimens for genetic analysis 
(Moritz et al. 2013). Through extensive field collecting across several years, we have largely 
addressed this problem, accumulating for example for the AMT Carlia more than 900 tissue 
samples and close to 430 vouchered specimens. Nonetheless, some important sampling 
gaps remain for a few species (e.g. central Northern Territory for C. triacantha and C. isostria-
cantha).  
Across several species in the genus Carlia, cryptic taxa have been identified within the 
Australian Wet Tropic, northeast Australia, Papua New Guinea (Stuart-Fox et al. 2002; 





AMT (this study and Potter et al. 2016, 2017). Specifically, the latter studies, in six sympatric 
species (C. munda, C. rufilatus, C. gracilis, C. johnstonei (s. l.), C. triacantha (s. l.), and C. 
amax) identified 19 lineages, broadly overlapping among species and parapatric within spe-
cies, with different range sizes across the Kimberley, Top End, Pilbara and Gulf regions. This 
suggests interesting dynamics in the AMT region that reflect the climatic fluctuations and 
the effect of aridity expansion in the region (further discussed bellow). 
In this study, four lineages were identified in a pair of sister species, C. johnstonei and 
C. triacantha, and subsequent analyses, using morphological data and multispecies coales-
cent models, validated the lineages as new species. This second step is an important one 
that phylogeographers often do not undertake following identification of cryptic diversity, 
and this can have implications in fields that use species as units of analysis such as macroev-
olution or conservation (Fiser et al. 2017). One of the new species is C. insularis, a highly 
divergent species from C. johnstonei endemic to the small outermost laterite islands of the 
Kimberley. As the only vertebrate species endemic to these islands, C. insularis serves to 
highlight the great biodiversity value of the fauna of this region, which is considered an im-
portant conservation refuge (Gibson et al. 2017). The other new species is C. isostriacantha, 
which has most of it known distribution in the Kimberley but also extending to near the Gulf 
region. However, the previously mentioned sampling gap did not allow to define well its 
species boundaries with C. triacantha where they overlap. One individual with cytonuclear 
discordance was detected near this overlap region, but otherwise no evidence for current 
gene flow was observed between the two species. As with all species, C. isostriacantha was 
described as a hypothesis that might change with more sampling and data. 
Some proposed mechanisms causing cryptic diversity are recent divergence, phyloge-
netic niche conservatism, stasis, parallelism and convergence (Fiser et al. 2017; Struck et al. 
2018). A well-defined resolution of phylogenetic relationships between species is required 
to better understand the processes that might have caused the cryptic diversity observed in 
Carlia species. The estimate of phylogenetic relationships by Dolman & Hugall (2008, Fig. 
1.1 in Chapter I) showed much uncertainty between species within Carlia and with other 
related genera in the same clade. In this thesis, I participated in a study producing a much 
more robust phylogeny for the relationships between species of the three genera of rainbow 
skinks (Carlia, Lygisaurus and Liburnascincus). At variance with Dolman & Hugall (2008), this 
study showed that the six AMT species are actually closely related, and, surprisingly, that 
their clade includes C. tetradactyla from the temperate southeast of Australia. The differ-
ences between these studies show how increasing the number of analysed loci, in this case 
by three orders of magnitude, can help to infer accurate relationships, especially in fast ra-
diations like Carlia. Moreover, although it seems that mtDNA alone is often sufficient to 
identify the distribution of cryptic lineages within the AMT Carlia (Chapter II, Potter et al. 
2017), it fails to resolve relationships between taxa (see also Stuart-Fox et al. 2002).  
The species of Carlia display many similar traits, with some differences between species 





(Cogger 2014). The morphological variability across species seems to overlap between dif-
ferent groups of species (Zug 2010), but no strong convergence seems to be in play, as in 
the case of the Cryptoblepharus skink genus where there is ecomorphological convergence 
with cryptic diversification (Blom et al. 2016). Recent divergence also seems an unlikely pro-
cess because several cryptic lineage splits are deeper than within other described species 
(e.g. C. pectoralis in Chapter IV). To further test for the processes behind cryptic diversity, 
more phenotypic and ecological data needs to be collected across the genus Carlia, or even 
more broadly including the Eugongylus group, since several of its clades also show cryptic 
diversity (Blom et al. 2016, Moritz & Potter personal communication). 
 
6.2! Responses of species with different climatic niches to past climatic change  
Realized niches of species, as inferred by intersecting distribution records with climate 
layers, can provide insight to their responses to past climate change (Nogués-Bravo 2009). 
Moreover, differences in niche breadth may suggest differences in sensitivity between spe-
cies (Thuiller et al. 2005). Thus, studying species niches can be particularly relevant in lizards 
to understand how species may have responded to past climate change, and they are also a 
great system to study speciation and divergence processes (Camargo et al. 2010). This is 
because lizards can be very sensitive to climatic fluctuations due to their behaviour, low dis-
persal and physiological capabilities (Huey et al. 2009).  
Although we intuitively expect that species with broadly similar realised climatic niches 
would have responded similarly to past environmental changes, such species can also show 
contrasting responses due to differences in key traits that may only be revealed with the 
study of phylogeographic patterns (Zamudio et al. 2016; Prates et al. 2016), and that may be 
related to ecological, demographic or phenotypic processes, like differences in habitat re-
quirements or in dispersal rates. Similar historical responses were identified across four Carlia 
species from the Top End region, with similar biogeographic breaks and evidence for syn-
chronous expansion in a region with less climatic instability during the LGM (Potter et al. 
2017). By comparison, across the region with more climatic instability, the Kimberley, the 
same set of species showed more variable responses, suggesting that trait-based differences 
in sensitivity manifest more strongly in a harsher, more variable environment.  
Taking into account the revised phylogeny for AMT Carlia, two comparisons of sister 
taxa with different climatic breadth can be made: C. munda vs C. rufilatus and C. johnstonei 
(s. l.) vs C. triacantha (s. l.). Both C. munda and C. triacantha (s. l.) have a broad distribution 
across the tropical north and arid centre of Australia, and both show modest phylogeo-
graphic structure, each with geographically widespread lineages. However, these taxa have 
different histories, as C. munda shows a more tropical (Top End) to subtropical-arid split, 
while the second taxon shows a less clear pattern, considering the split between the sub-
tropical C. isostriacantha and the tropical to arid C. triacantha (s. s.). A dated-tree shows that 
the split in both taxa may have occurred at about the same time (from an ongoing study; 





and C. johnstonei (s. l.), has deeply divergent island lineages (C. rufilatus ECI in the Top End 
and C. insularis in the north-west Kimberley) that are associated with wetter environments. 
By contrast, the broader-niche species show less evidence of strong divergence between 
island and mainland populations. The divergence of both island lineages (Fig. 6.1, Supple-
mentary Material) in the mesic-specialist taxa might have occurred around a period of sharp 
transition from arid to an increasingly humid climate in northern Australia around 5.5 MYA 
(Christensen et al. 2017). Notably, the period in the late Pliocene (around 2.7 MYA) when 
the mesic-arid splits occurred within the generalist species was around the same to when 
the Kimberley and Top End lineages of the more climatic specialist C. rufilatus diverged, but 
for this species an expansion to a more arid environment is not observable (Fig. 6.1, Supple-
mentary Material). Interestingly, these splits are consistent with the period of transition to a 
more arid and seasonal climate that was set around 2.4 MYA (Christensen et al. 2017). Alt-
hough paleo-SDM models cannot predict species distributions when these Pliocene splits 
occurred, for C. rufilatus at the LGM the models showed that the rainfall in the Kimberley 
was lower than the realized climatic niche of the species (Potter et al. 2018), while the C. 
johnstonei model could not predict the occurrence of the species (unpublished data). This 
difficulty to model past responses of these species suggests the need of more mechanistic 
models for climatic specialist species that were more sensitive to past climatic fluctuations.  
Intrinsic species’ traits could explain the concordant and discordant phylogeographic 
patterns between these taxa, but for the AMT species almost no life-history (clutch size, 
James & Shine 1988) or ecological information is published. My unpublished data from field-
based physiological experiments suggest an overlap of thermal limits across species, except 
for C. gracilis that had higher critical temperature minimum (CTmin) and lower CTmax than the 
other five species in the Kimberley. Also, my unpublished analyses of records from standard-
ised ecological surveys in the north Kimberley (C. Myers, pers. comm.) suggest some differ-
ences in habitat use: C. gracilis is more associated with riparian and wetland habitats, C. 
munda with savanna grassland, C. isostriacantha with sandstone, and C. johnstonei with vol-
canic rocks. These preliminary data for ecological traits seem to be suggesting that although 
overlapping lineages might be capable of enduring similar climatic fluctuations, the differ-
ences in habitat preferences in a heterogeneous environment could have contributed to dis-
parate responses of species to past climate fluctuations (Zamudio et al. 2016). Clearly, further 
ecological and physiological data are needed to enable more direct comparisons, e.g. using 
mechanistic models and habitat-adjusted climate surfaces (Kearney et al. 2010, 2014; 
Kearney & Porter 2016; Fordham et al. 2016). 
A better understanding of the ecology of these species would also help with formulat-
ing more informed hypotheses regarding past hybridization events. For example, a testable 
hypothesis is that a difference in niche breadth of introgressed taxa (e.g. C. munda BROAD 
and the restricted C. insularis) is related to a difference in effective population size and/or 
potential historical expansion of one species but not the other, with potential consequences 





compare these competing demographic history models, by estimating effective population 
sizes while also estimating both the direction and magnitude of gene flow. Additionally, it 
might be possible to estimate if the timing of any historical expansions or gene flow between 
these taxa coincides with the known shift to an arid climate in the north of Australia 
(Christensen et al. 2017). However, interpreting events in the deep past, such as inferred in 
Chapter V, would require estimating ancestral traits, which could be unlikely given the very 
different ecological requirements of extant species. 
 
6.3! Ancestral introgression between Australian Monsoonal Tropics species 
The rise in studies using genomic data has led to increased evidence of gene flow 
during speciation and also introgression between divergent taxa, expanding the detection 
of historical hybridization beyond finding cytonuclear discordances (Abbott et al. 2013; 
Bonnet et al. 2017). Likewise, methodological advancements have allowed researchers to 
explore further patterns of introgression and to better understand the effect of gene flow in 
diversification and in the genomics of speciation (Abbott et al. 2013; Payseur & Rieseberg 
2016).  
Exploring these patterns in closely related sympatric species increases the probability 
of finding patterns of current hybridization or of past introgression. In cryptic species or 
species that are morphologically very conserved, testing the occurrence of such patterns 
based only on morphology may be unfeasible. Similarly, relating introgression patterns with 
phenotypic traits may also prove hard in cases involving cryptic species (e.g. Chattopadhyay 
et al. 2016). Thus, an increase in the number of studies testing for introgression in sympatric 
pseudo-cryptic species (i.e. species that can only be identified by detailed comparison of 
morphological and non-morphological features; Sáez & Lozano 2005) may begin to show 
that introgression is more common than expected between species where morphological 
hybrids are not easy to detect. 
This study, which mostly intended to understand differences in introgression at re-
gional scales, unexpectedly provided evidence for ancient introgression between Carlia spe-
cies from the AMT, but little, if any, over recent generations. The several ancient introgres-
sion events detected are likely to be in the order of several million years old. This is sug-
gested by a preliminary dated tree from an ongoing study (Fig. 6.1, Supplementary Material) 
that shows when the four more recent events likely occurred. Considering that the Kimberley 
– Top End C. gracilis divergence is very recent (~1 MYA), the three inferred ancient hybridi-
zation events in which it was involved may be the more recent, while the C. rufilatus – C. 
insularis introgression could have occurred anytime between 5 to 2.7 MYA. However, it is 
important to note that this dated tree may be biased because MSC models underestimate 
branch lengths among taxa exchanging genes, even if the topology is robust to the presence 
of gene flow (Heled et al. 2013; Leaché et al. 2014; Wen & Nakhleh 2017).  
The deeper introgression events seem to have occurred early in the history of this rapid 





ancestor, C. tetradactyla (the southeastern species) and the remaining species (Fig. 6.1, Sup-
plementary Material). Assuming the scenario with two deeper introgressions, G-AJT and A-
MR, it seems likely that these events might have happened around the time when species 
were diverging (8 to 9 MYA and 7 to 8 MYA, respectively; Fig. 6.1, Supplementary Material), 
and if the ancestral taxa were sympatric, as the descendant species currently are, the diver-
gence might have therefore occurred in the presence of gene flow. In turn, this suggests 
that Carlia could be another example of an association between rapid radiations and intro-
gression, perhaps analogous to cichlid fishes from African lakes (Gante et al. 2016; Meier et 
al. 2017), Heliconius butterflies (Heliconius Consortium 2012) or Darwin’s finches (Grant & 
Grant 2014), but now illustrating that such processes do not necessarily have to be accom-
panied by strong phenotypic evolution. It is possible that more studies investigating ancient 
introgressive hybridization across nuclear genomes in a radiation of cryptic species or in 
groups with low phenotypic differentiation, might find this to be a more common pattern, 
probably facilitated by low genetic divergence during rapid radiation.  
Introgression can also distort phylogenetic analyses that assume purely divergent evo-
lution (Solís-Lemus et al. 2016). The unexpected position of C. gracilis in this case study could 
indeed suggest that species tree methods may not be able to recover the correct topology 
if presence of gene flow is an assumption violation. However, the topology from Star-
BEAST2, a method expected to be more robust to the effect of gene flow, is consistent with 
that from the other species tree methods. This conflicting result underlines the need of fur-
ther studies to verify the effect of gene flow in fast radiations when inferring introgression 
with phylogenetic network methods. These are recent methods that need to be more ex-
tensively tested for effects of model violations. My results should be also assessed using 
datasets other than exons, like whole-genome data. This could show whether exon data may 
be more favourable to detect introgression, identify which genomic regions show more evi-
dence of introgression, test if these regions are under selection, and shed light on how the 
genomic landscape of introgression relates with speciation (Martin & Jiggins 2017; Ravinet 
et al. 2017).  
 
6.4! Application of exon capture data in phylogenetics and phylogeography 
This study shows with several different questions the advantage that using 1000’s of 
loci brings to investigate phylogenetics and phylogeography. Specifically, in taxa that went 
through rapid diversification and/or past hybridization, a large number of loci is necessary to 
identify and disentangle these patterns (Edwards et al. 2016). Exon capture was shown to be 
particularly helpful when studying questions across the speciation continuum (Bragg et al. 
2016; Edwards et al. 2016; Potter et al. 2018), since it can provide sequence data useful to 
resolve species, their relationships and demographic histories (e.g. Duchêne et al. 2017; 
O’Hara et al. 2017; Moritz et al. 2018) and loci are still variable enough to be informative for 





Finding robust topological relationships using NGS data can nonetheless be a substan-
tial challenge (Chou et al. 2015; Roch & Warnow 2015). Dating without calibration fossils can 
be also very uncertain (dos Reis & Yang 2013), but analysing multi-locus data across different 
scales and statistical methods can provide more confidence in estimates. In this study, I used 
a demographic method to obtain estimates for lineage divergence, which seem to be fairly 
well corroborated by estimates from a MSC method that has underlying different assump-
tions (Chapter II; Fig. 6.1, Supplementary Material). This was achieved retrieving SNPs, which 
were subsequently summarized in SFS for the demographic approach, while using sequence 
data loci for the coalescent-based method. 
However, several hundreds to thousands of loci can be much more data than is com-
putationally feasible for many MSC approaches. Thus decisions need to be considered to 
take full advantage of the data, like using multiple independent datasets, either in samples 
or in loci (Chapter III and IV), or using some criteria to select small sets of loci (Lemmon & 
Lemmon 2013; Blom et al. 2017). 
Some caution with SNP-based analysis should also be reflected when choosing a ran-
dom SNP per locus regarding datasets with many missing data, either by samples or by sites, 
with some suggestions reviewed in Leaché & Oaks (2017). A restriction on how much missing 
data can be considered for a site to be selected can be helpful (Blom 2015). The number of 
SNPs that could be considered with this exon capture dataset (around 1700 – 2000, depend-
ing on the analysis) can be insufficient for more complex demographic models. Parameter 
estimates across runs using these models were less consistent (data not shown), but further 
analysis with simulations are needed to demonstrate the limits to inferring demographic pa-
rameters from few thousand SNP loci. 
For specific questions, whole-genome is becoming much more useful and the costs for 
non-model organisms are rapidly decreasing (Goodwin et al. 2016). That said, sequence cap-
ture datasets are a great first pass resource for the study of evolutionary and ecological 
genomics of any species (Jones & Good 2016). Only after disentangling cryptic species and 
their internal structure will whole-genome sequencing be more cost-effective, and likely of 
better use in hypothesis-driven studies. 
 
6.5! Final considerations and future perspectives 
Until very recently, phylogeographic studies had described more intraspecific diversity 
in Northern Hemisphere species (Beheregaray 2008), but recent efforts are better describing 
the high levels of biodiversity and patterns in the Southern Hemisphere, specifically in Aus-
tralia that has a rich and unique Gondwanan fauna and flora (Byrne et al. 2008, 2011; 
Bowman et al. 2010; Rix et al. 2015; Edwards et al. 2017). This study is part of a major col-
laborative effort to increase the description of biodiversity and the understanding of evolu-
tionary processes occurring in species from the rich savannah and relatively remote Austral-





Here I applied advanced methodologies to disentangle patterns related to speciation 
and hybridization in pseudo-cryptic skinks with unknown intraspecific cryptic diversity. Par-
ticularly, this study went further than most phylogeographic studies, in which taxonomical 
revisions are often not done (Carstens et al. 2013), by describing two new species from the 
identified cryptic lineages, and other species descriptions could be warranted for other 
highly divergent lineages within species of Carlia. As mentioned, species are hypothesis that 
should be tested with more data and models, so it would also be interesting to further test 
them with future expected approaches based on the protracted speciation model (as pro-
posed in Knowles and Sukumaran 2017).  
Much work has shown the effect of Quaternary climatic cycles in promoting hybridiza-
tion (reviewed in Hewitt 2011), especially in temperate regions that were heavily glaciated. I 
present a case study where ancient hybridization was detected and possibly induced by cli-
matic fluctuations due to arid-humid shifts, suggesting how changes in precipitation might 
be a strong factor like the thermal variations during glacial cycles, especially in regions not 
affected by ice sheets. This is also an example of how to detect ancient hybridization beyond 
studies of parapatric lineages with a current hybrid zone.  
This study also shows how cryptic divergence within and across sympatric species 
groups might hide processes of hybridization, and serves as a starting point to ask how has 
introgression been part of the evolutionary processes in the rapid radiation of the Eugongy-
lus group and, more generally, in cryptic complexes of tropical taxa.  
Besides suggestions made throughout this discussion, future studies are needed to 
increase sampling, and ecological and behaviour knowledge for Carlia species and other 
AMT species, especially during the wet season when most species display breading season 
features. The remote access to some regions in the AMT, for example the Kimberley and 
nearby islands, make such studies costly and often hard due to absence of support facilities 
(Moritz et al. 2013; Rosauer et al. 2016, 2018). As mentioned previously, such studies are 
particularly important for the AMT herpetofauna since its diversity of morphologically similar 
species can be suggesting important evolutionary and ecological processes where sexual 
selection might also have a role, but so far, the study of these mechanisms is still lacking in 
theoretical and empirical research. This study and other ongoing work are the starting point 
for studying such macroevolutionary processes shaping phenotypic, ecological and specia-
tion patterns. 
In addition, the genetic patterns described in this study can suggest hypotheses to 
further explore the genomics of speciation using whole-genome sequencing, particularly to 
infer which genomic regions show more introgression, if these are under selective forces and 
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6.7 Supplementary Material 
 
Figure 6.1 Preliminary time-tree with confidence intervals from ongoing collaborative study aiming to investigate 
macroevolutionary patterns across the Eugongylus group. This is part of a StarBeast2 tree produced with 100 
random loci and a strict clock, using a substitution rate similar to what was used in the demographic analysis of 
Chapter II (10-9 substitutions per generation). This tree was estimated with more species, but here are only shown 
the relationships between the lineages studied in this study (including the position for C. tetradactyla). The esti-
mates for divergence times between C. insularis - C. johnstonei and between C. triacantha – C. isostriacantha are 
very close to the demographic estimates obtained in Chapter II (~5.6 and 2.2, respectively). The different colours 
correspond to potential intervals of time, corresponding to the ancestral branches involved, in inferred introgres-
sion events (designation of events as in Chapter V).  
